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Abstract 
The EcoR124INT restriction-modification (R-M) system contains the genes 
HsdS3, HsdM and HsdR. S3 encodes the N-terminal domain of the wild-type S 
subunit and has been shown to dimerise in solution (Smith et al., 1998). 
Following purification of the subunits of the EcoR1241NT R-M system, 
complexes of the methyltransferase SYM and restriction endonuclease S3/M/R 
were formed and shown to have activity in vitro, methylating and hydrolysing a 
symmetrical DNA recognition sequence, respectively. The DNA mimic OCR 
(overcome classical restriction) protein inhibited the methyltransferase activity in 
vitro, with maximum inhibition at a 1: 2 molar ratio of (S3/M)2to an ocr dimer. 
Dynamic light scattering (DLS), sedimentation equilibrium (SE) and 
sedimentation velocity (SV) experiments showed S3 to exist as a dimer and SII 
(the central conserved domain of S) to exist as a tetramer in solution. M was 
found to be dimeric in solution, whilst the R protein was monomeric. A complex 
of SYM was found to have a stoichiometry (S3/M)2 and a complex of S3/M/R 
had a stoichiometry of S3/M/Rj, even when a 2: 1 molar ratio of R to SYM, was 
added. 
Small angle neutron scattering (SANS) experiments provided values for the 
radius of gyration (Rg), which for S3 was comparable to that calculated for the 
recently published crystal structure of the S subunit from Methanococcus 
jannaschii (Kim et al., 2005). These experiments also showed a decrease in the 
Dmax in the presence of the 30 bp DNA recognition sequence from 200A to 
140A, suggesting a similar conformational change in the positioning of the 
subunits as has been detected for the wild-type M. EcoR1241 and a related type 1 
V2 system AhdI- This change following DNA binding was also observed by SV 
experiments. Furthermore ab initio modelling from the SANS data has provided 
a low-resolution structure for the EcoR 1 241NT Wase and its complex with DNA. 
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Chapter 1 
Introduction 
1.1 Restriction-modification systems 
Restriction-modification (R-M) systems acts as a primitive form of immune 
defence in bacteria, allowing them to differentiate between foreign and host 
DNA. If the host bacterial DNA is modified (methylated), cleavage by the 
corresponding restriction endonuclease (ENase) is prevented, whereas foreign 
bacteriophage DNA that has invaded the cell is subject to restriction. Adenine is 
methylated at the N6 position, while cytosines are methylated at the C5 or N4 
position. The methylation sites are in the major groove of B-form DNA. 
There are four well classified R-M systems: Type 1,11,111 and IV (for general 
reviews see Murray, 2002 and Gormley, 2001). A table summarising the 
characteristics of each is shown in table 1.1. The hybrid system often called Type 
1 Y2, exemplified by Ahdl, shares characteristics of Type I and Type 11 R-M 
systems (Marks et al., 2003). A nomenclature has been proposed to classify R-M 
systems (Roberts et al., 2003), which is catalogued in REBASE (Roberts et al., 
2005). In addition to protection of host bacterial DNA, R-M systems may have a 
role in protecting species identity, by preventing integration of foreign DNA by 
horizontal gene transfer (Jeltsch, 2003). 
R-M systems are either found on transferable elements, such as plasmids and 
bacteriophages, or are connected to genes that encode proteins involved in DNA 
mobility, such as transposases, integrases and invertases (Kobayashi, 2001; 
Naderer et al., 2002). Loss of an R-M system from a bacterial cell leads to cell 
death through attack by ENases (Naito et al., 1995). It is on this premise that 
Type 11 R-M systems are said to behave as mobile selfish elements (Kobayashi et 
al., 2001). 
I 
Tabie I 
Characterifts and organinton of " gavak daterninants d diffwant clswits of R-M wylateme. 
Type I Type [I Type III Tvp* IV 
Example R-M syvwm EooK1 ECORI EcoP11 I EcaMorBC 
Genes hadq. hsdW. ha& Gcor1R. wopow mod, ma Mae. NwrC 
Subunia Thm d4ferant Two diffewt Two dftnwt submits Two d*fwent wibunft 
siA)4nft (ft M and 8) summift (R and friod ard me) combine an preasint. McrB 
combine to form P*MAii combne to fcvm Rý or M, to faun modwasa arid McrC 
and M2S, 
Enzyme activilies Waw, Wase and ATPw* REase or MT&m REase, Wme FlEaw aid GTP=* 
and ATPase 
Ca-factats nqLired for ATP. SW Mgý' W. ATP, Mgý- ON) GTP, 
D" cleavage 
Ck4actcts ie(pked fcw SAM SAM SAM No rivieviation 
mathybetion 
RecognNon eMusince AsymmiAnc and Mostly Wmmehric. Asynirneft, Elipartite and 
b4mutite. 0. % e. % EcoR, eg. EcoP It oned ylated, eq. 
EooKL 5'AAC(N)GTGC 51GAATTC SIAGACC EcaMcrSC, 
, 9P4rQNu),. ýOa)RrnC 
clftvme ON* Vanabie kxaticns, I OOD bp Fmod imaben at or near Faced kmabon 25-27 bp Between nvdVbftd 
lrcrn nooognbm ate the remgftcn as tcm rooognfbon sto bases at mu" sites, 
DNA toonsbcadon yes No yes Yes 
'AU dowgton of R-M c4maticatom is, ipvm in rl. 
Table U: A summary of the four Types of R-M systems. Reproduced from 
Tock and Dryden, 2005. 
2 
1.2 Regulation of R-M enzymes 
It is important to regulate Wase and ENase expression in bacteria to prevent 
cell death. Failure to ensure that Wase activity precedes ENase activity could 
lead to restriction of the host DNA. The mechanisms found so far are discussed 
below. 
1.2.1 Restriction Alleviation (RA) 
There are two main Types of RA, general and family-specific. General RA 
occurs only in Type I R-M systems when the system is inactive during a period 
of cell stress, allowing other cellular mechanisms, such as DNA repair or the 
establishment of modification upon arrival of a new R-M system, to occur 
(Prasad et al., 2005; Prakash-Cheng et al., 1993). Family-specific RA in Type 
IA and Type 1B R-M systems occurs by ClpXP-dependent proteolysis of the R 
subunit (Makovets et al., 1998). Regulatory control in Type IC R-M systems 
occurs by the dissociation of a subunit, R, from the ENase-active R2 complex, to 
form a restriction-deficient R, complex (Makovets et al., 2004). 
1.2. LI Proteolytic control by ClpXP 
Type IA and Type 1B R-M systems have been linked to the ClpXP genes. The 
restriction endonuclease complex undergoes proteolysis in an ATP-dependent 
process (Mavovets et al., 1998 and 1999; O'Neil et al., 2001; Doronina et al., 
2001). The ClpXP protease is a complex of two proteins: ClpX, a hexameric-ring 
ATPase, which recognises and unfolds the substrate protein, and ClpP, a barrel- 
shaped peptidase that causes degradation of the protein (Gottesman, 1999). 
1.2.1.2 DNA condensation 
Non-specific DNA-binding ligands and DNA condensation also appear to 
alleviate restriction in Type I R-M systems, and treatment of DNA substrates in 
such a way caused a decrease in the endonuclease activity of EcoKI (Keatch et 
al., 2004). Foreign DNA that is essentially "naked" does not include such 
barriers that would prevent R-M enzymes carrying out their function. 
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1.2.2 Phase variation 
A number of Type III R-M systems are implicated in activating and inactivating 
genes comprising a R-M system by phase variation (De Bolle et al., 2000; 
Saunders et al., 2000; de Vries et al., 2002; Seib et al., 2002). The 
methyltransferase (MTase) gene of Haemophilus influenzae strain Rd 
(HI1058/HI1056) contains the tetranucleotide repeats 5'-AGTC-3'. Phase 
variation becomes higher as the number of these repeats increases (Srikhanta et 
al., 2005). High phase variation rates have been implicated in infections by H. 
influenzae. 
1.2.3 Controller (C) Proteins 
An R-M transcriptional control mechanism has been identified that relies on 
temporal regulation of R gene transcription by another protein, allowing 
sufficient time for methylation of the host DNA to occur prior to ENase activity. 
Fifty one controller, or C, proteins have so far been identified in Type 11 R-M 
systems, e. g. in BamHI (Brooks et al., 1995), Pvull (Tao et al., 1991), Eco721 
(Rimseliene et al., 1995) and EcoRV (Nakayama et al., 1998). C. Esp1361 has 
been found to act both as an activator (C and R) and as an inhibitor (M) of 
transcription (Cesnaviciene et al., 2003). Another C-protein, C. EcoOI091, that 
regulates its own expression and that of the cognate ENase, causes bending of its 
target recognition sequence by 54 ± 4' (Kita et al., 2002). 
. 
1.2.4 Methylation of promoter region 
The Wase and/or ENase genes of the LlaJI, CfrBI and Ssoll R-M systems are 
under transcriptional control that is dependent upon the methylation status of 
their recognition sites within the promoter region(s). 
The LlaJl R-M system encodes two Wases, Ml. LlaJI and M2. LlaJI. The 
promoter region for the entire LlaJl operon contains two recognition sites, both 
of which were found to be required for full repression of transcription. 
Methylation of the internal cytosines within the recognition sequences 5'- 
GACGA-3' and 5-GCGTC-3' by Ml. LlaJI was required to facilitate the binding 
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of the second Wase M2. LlaJI (O'Driscoll et al., 2005). Following binding of 
M2. LlaJI, transcription of the LlaJI operon is turned off 
In the CfrBI R-M system, cytosine modifications by M. CfrBI cause a decrease in 
the promoter activity of M. CfrBI, whilst also increasing the transcription of the 
R. CfrBI gene (Beletskaya et al., 2000). 
The N-terminus of M. Ssoll from Shigella sonnei is predicted to contain a helix- 
turn-helix (HTH) motif involved in DNA-binding. The Wase has been shown to 
inhibit its own synthesis whilst also activating expression of the corresponding 
ENase by binding to the -10 promoter sequence of M. Ssoll and the -10 and -35 
sequences of R. Ssoll. DNasel footprinting of a DNA fragment containing the 
promoter region demonstrated a 48 to 52 bp protected region, and a Kdof 1.5 x 
10-8 M was obtained by EMSA (Karyagina et al., 1997). 
1.3 Anti-restriction proteins 
A number of inhibitor proteins of R-M systems are known. These include the 
Stp protein encoded by bacteriophage T4, which inhibits the Type IC system 
EcoPrrl (Penner et al., 1995); the Dar (defence against restriction) protein 
encoded by bacteriophage PI (lida et al., 1987); and ocr (overcome classical 
restriction) protein encoded by T3 and T7 bacteriophage (Studier, 1975). 
1.3.1 overcome classical restriction (ocr) protein 
Bacteriophages T3 and T7 enter the host cell and transcribe their genes prior to 
internalisation (Moffatt and Studier, 1988). The first gene to be transcribed is 
ocr, the product of the 0.3 gene. ocr inhibits Type I R-M systems by binding to 
this DNA binding site (Bandyopadhyay et al., 1985). ocr is dimeric in solution 
(M, = 27 kDa), and both the ellipsoid model and the crystal structure show that 
one dimer would cover approximately 25 bp of B-DNA (Atanasiu et al., 2001; 
Blackstock et al., 2001; Walkinshaw et al., 2002). The carboxyl groups on the 
surface of ocr are arranged to mimic the position of phosphate groups of bent 
DNA, as shown in figure I -I (Blackstock et al., 200 1). A model of ocr aligned 
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Figure U: Superposition of two, 12 bp B-DNA molecules on the ocr dimer. 
(A) Stereo view of the ocr dimer. A least squares fit of phosphate groups of the 
B-DNA complex (pdb code I BNA) onto twelve carboxyl groups of ocr produced 
an rms fit of 1.9 A. In yellow, the phosphorus atoms, and in purple, oxygen 
atoms of the phosphate groups. In red, oxygen atoms, and in black, carbon atoms 
of the twelve carboxyl groups. The sugar backbones of the DNA dimer are in 
two shades of green. The base pairs are omitted for simplicity. (B) The two-fold 
axis lies in the plane of the paper. The vectors describing the direction of the 
fitted DNA on both halves of the dimer are drawn as black lines. Their 
intersection gives a bend angle of 33.6'. Reproduced from Blackstock et al., 
2001). 
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with EcoKl recognition sequence suggests that it mimics the DNA flanking the 
recognition sequence (which is typically 12-13 bp). This could explain how ocr 
is able to inhibit many Type I R-M systems with different recognition sequences. 
Fluorescence spectroscopy has shown that one dimer of ocr binds tightly to both 
the MIS, andtheM2SIMTase, while two ocr dimers appear to bind to the R 
subunit of EcoKl and the R. EcoK1 ENase. Weak binding occurs with the free M 
subunit (Atanasiu et al., 2002). 
This type of mimicry by carboxyl groups is also adopted by the UGI protein, 
which inhibits uracil glycosylase of Bacillus subtilis, thus inhibiting its action 
and protecting the PBS2 phage DNA (Putnam et al., 1999). The C-terminal a- 
helix of DinI contains a negatively charged surface and has been found to mimic 
single-stranded DNA. This allows it to interact with RecA, and prevent the 
interaction of RecA with ssDNA. This in turn inhibits the SOS response in E. 
coli due to DNA damage (Voloshin et al., 2001). 
1.3.2 ArdA 
The IncB plasmid R16 encodes the anti-restriction protein ArdA, which is 
thought to compete for DNA binding with a conserved motif in Type IS 
subunits. It has been found to inhibit the ENase activity of the Type IA EcoKI 
system (Thomas et al., 2003). A feature common to a number of ArdA proteins 
is the invariant motif LL-D/E-E (Belogurov et al., 1992 and 1995). In addition, 
they are all highly acidic, negatively charged, elongated proteins, which like ocr, 
may mimic DNA. 
1.4 Base flipping and base stacking 
Methylation of DNA by Type I Wases occurs at the N6 position of adenine and 
has been found to require base flipping of the adenine into the active site before 
methylation occurs. This was first discovered for the C5-cytosine Wase 
M. Hhal, and a mechanism has been proposed (Serva et al., 1998). Following 
binding of M. EcoR1241 to its recognition sequence, the sequence around the 
adenines to be methylated undergo structural distortion (Memagh et al., 1996). 
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Preferential binding has been shown for a mismatched UT base pair compared to 
the wild-type AT base pair found within the recognition site, suggesting base 
flipping is taking place. Since the strength of the UT base pair is weaker than the 
AT base pair and will present less of an energetic barrier to base flipping. It has 
been proposed that base flipping is correlated with bending of the DNA substrate 
(Su et al., 2005). 
1.5 Evolution of R-M systems 
It has been found that cleavage of a DNA substrate by the Type III R-M system 
EcoP151 is performed once, even if the cleavage product still contains a 
recognition site, whereas secondary cleavage events have been shown to occur in 
Type I R-M systems with more than one recognition site present (Raghavendra et 
al., 2003; Szczelkun et al., 1997). However, if EcoP151 is incubated in the 
presence of exonuclease 111, the pUC19 supercoiled DNA substrate was 
completely cleaved and up to four cycles of catalysis occurred. This suggests 
functional cooperation between an ENase and an exonuclease (Raghavendra et 
al., 2003). 
EcoRII may be evolving recombination activities (Mucke et al., 2002). Limited 
proteolysis of EcoRII found two domains, of which the C-terminal domain was 
found to have restriction activity differing from the wild-type enzyme in that it 
only required one copy of the 5'-CCWGG recognition site for DNA cleavage 
rather than two (Kruger et al., 1995). Even when two recognition sites were 
present, cleavage by the EcoRII-C enzyme was greater than the wild-type 
enzyme. In the presence of the N-terminal domain of EcoRII (EcoRII-N), the 
wild-type enzyme cleaved the second recognition site with a decreased rate even 
though EcoRII-N binds with one order of magnitude less than the wild-Type 
enzyme. This indicates there are two DNA-binding regions in the intact wild- 
type EcoRII. 
EcoRII and Nael - another Type HE ENase - share the same domain 
organisation. EcoRll-N is similar to the Topo domain of Nael and EcoRll-C is 
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similar to the Endo domain of Nael. The crystal structure of NaeI suggests an 
evolutionary link between ENases and topoisomerases. A BLAST local 
alignment shows that there is a putative ten amino acid region close to the N- 
terminus of Nael that matches the consensus for the active site of DNA ligase 1. 
It is therefore suggested that Nael could be grouped within the topoisomerase 
and recombinase protein families (Jo et al., 1995). 
E. coli K-12 contains four chromosomally-encoded restriction enzymes, the most 
studied of which is EcoKI. The methylation-dependent restriction enzyme 
McrBC, a member of the AAA+ (ATPases associated with various cellular 
activities) family of proteins, is also present in this bacterium. However, unlike 
EcoKI, there is no associated Wase. It forms rings in the presence of GTP or 
GDP (Panne et al., 2001). 
1.5.1 Evolution of new specificities 
One natural method of creating new specificities is thought to be gene 
rearrangement of the S (specifity) subunit. A shuffling mechanism of the S genes 
of Type I Lactococcus lactis R-M systems has been demonstrated, in which the 
pAH33 plasmid (6159 bp), which only contains the S gene of the LlaDPC220 R- 
M system, was shown to change the specificity of the plasmid pAH82 containing 
the entire R-M system. During a co-integration event by homologous 
recombination, chimeras of the S subunit were formed from the interchanging of 
the N- and C-termini of the S gene to produce novel specificities (O'Sullivan et 
al., 2000). 
1.6 Design of new specificities 
In evolutionary terms, selective pressure has encouraged the increase in the 
specificity of recognition sequences in the presence of foreign DNA and 
likewise, a decrease in the absence of invading DNA (Chinen et al., 2000). A 
comparison of the Type 11 R-M systems PspGl, Ssoll and EcoRII has shown 
similarities in amino acid sequence and the DNA sequences that the proteins 
recognise (Pingoud et al., 2003). This suggests that the DNA-binding domains 
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are similar. This observation differs from Type I R-M systems, where there is 
little similarity in the TRDs (target recognition domains) that are responsible for 
recognition of the target DNA sequence. 
The Wase M. HaeIII methylates the central cytosine of its recognition site 
GGCC. In addition, it methylates many non-canonical sequences, both in vivo 
and in vitro. Therefore, DNA Wases may not only methylate specific 
sequences, but may also methylate numerous sites on a DNA substrate, albeit 
with lower efficiency. In evolutionary terms, methylating other sites could 
present an advantage and help evolve new specificities (Cohen et al., 2002). 
Mutant Wases of M. Haelll have also been formed by in vitro 
compartmentalisation (lVC). This method is based on reproducing the conditions 
whereby genes, RNA, and the encoded proteins and their products are kept 
together as they would be in the cell, thereby linking genotype and phenotype 
(Tawfik et al., 1998). 
This in vitro evolution method produced mutants that methylated the DNA 
sequences AGCC, CGCC and GGCC, as opposed to the canonical GGCC 
sequence. To date, no R-M system has been found that is capable of methylating 
the sequence AGCC. IVC has also been used to monitor changes in mutated 
recognition sequences of M. Hhal (Lee et al., 2002). 
Zinc finger proteins are able to bind DNA by forming contacts with an alpha- 
helix and the major groove of the DNA backbone. They can therefore be used as 
a basis for the design of DNA-binding proteins with new specificities. One such 
hybrid enzyme has been formed by the fusion of a zinc finger to the Fokl 
cleavage domain. The DNA sequence that was cleaved was determined firstly by 
digestion of k DNA with a number of Type 11 ENases, followed by incubation 
with the hybrid enzyme. A smaller 300 bp sequence was isolated from this assay 
and end labelled with 32p . The cleavage products were analysed by denaturing 
polyacrylamide gel electrophoresis and maps of the recognition site and cleavage 
site 5'-GAG GGA TGT-3'was determined (Kim et al., 1996). 
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Prior to the solved crystal structure of EcoRV, random mutagenesis was used to 
engineer EcoRV to alter its specificity such that it would recognise a sequence of 
up to 10 bp, rather than the wild-type 6 bp sequence (GATATC). This approach 
identified a number of mutants that either preferred AT-flanked or GC-flanked 
cleavage sites (Lanio et al., 1998). A more rational approach based on the crystal 
structure of EcoRV (Horton et al., 1998) was used to mutate amino acid contacts 
that were in close proximity to DNA surrounding the canonical 6 bp region 
(Lys 104 and Ala 18 1). However, it was not possible to alter the specificity (Lanio 
et al., 2000). This could be due to the fact that the crystal structures do not 
represent the ground state, because when they were soaked in Mg 2+ they lacked 
ENase activity. 
1.7 Type I R-M systems 
Type I R-M systems are hetero-oligomeric enzymes encoded by three Hsd (host 
specificity of DNA) genes. The ENase is composed of all three subunits (HsdS 
for DNA recognition, HsdM for DNA modification and HsdR for cleavage - 
Janscak et al., 1996), while the Wase is composed of the M and S subunits. 
The R subunit is absolutely required for restriction and is transcribed from its 
own promoter (PREs) and from read-through from the M-S promoter (Kulik and 
Bickle, 1996). The M and S gene products are transcribed from a separate 
promoter (PMOD) to form the Wase (Price et al., 1989). The Wase requires S- 
adenosylmethionine (SAM), while the ENase also requires Mg 
2+ 
and ATP for 
activity. All Type I R-M systems methylate adenine at the N6 position (for 
reviews, see Rao et al., 2000; Murray, 2002). 
Early work divided the Type I R-M system into three families, based on 
complementation and cross-hybridisation assays (Barcus et al., 1995; Bickle and 
Kruger, 1993; Sharpe et al., 1992). There are now four classes of Type I R-M 
systems, although a fifth sub-type, Type IE, consisting solely of the KpnBI R-M 
system, has been proposed (Jurenaite-Urbanaviciene et al., 2001; Chin et al., 
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2004). There are two different gene orders within Type I R-M systems (Wilson et 
al., 199 1): 
R-M-S Type IA and 1B 
M-S-R Type IC and ID 
DNA sequence alignment of a number of S subunits has shown the presence of 
two variable regions that form TRDs, each recognising one half of the bipartite 
DNA recognition motif, and two conserved regions that are believed to interact 
with M. A circular arrangement of the S subunit has been suggested, in which the 
N-and C-termini are brought close together as shown in figure 1.2 (Kneale, 
1994). Circular permutations of the sequence of the N- and C-terminal conserved 
regions of the S subunit has confirmed this circular model for the Type 1B 
enzyme EcoAl (Janscak and Bickle, 1998). Figure 1.3 shows the recently solved 
crystal structures of the S subunits from Methanococcus jannaschii and 
Methanococcus genitalium (Kim et al., 2005; Calisto et al., 2005). 
Both structures show that the N- and C-terminii are in close proximity, as 
predicted and although the primary structure of the two TRDs are quite different, 
they adopt almost identical secondary and tertiary structure. They also show that 
the conserved domains interact to form an alpha-helical coiled coil. 
The DNA recognition sequence of Type I R-M systems is asymmetric, made of 
two half-sites, each recognised by a TRD within the S subunit. Typically each of 
these half-sites is 3-5 bp in length, separated by a non-specific spacer region (5 - 
8 bp). 
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Figure 1.2: Circular model for the subunit/domain structure of Type I 
enzymes. In this example, EcoR1241 is shown, displaying the approximate two- 
fold symmetrical disposition of subunits and the orientation of the enzyme bound 
to the DNA. 
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Figure 1.3: Crystal structures of the S subunits of (A) Methanococcus 
jannaschii and (B) Methanocuccus genitalium. Reproduced from Kim et al., 
2005, and Calisto et al., 2005. In both structures, two very conserved regions, 
the central (CRI/CCR) and C-terminal/distal (CR2/DCR) form coiled-coil 
structures containing a high proportion of hydrophobic residues between the two 
helical coils. The two globular domains in both cases contain the variable target 
recognition domains (TRDs) responsible for DNA recognition. The N- and C- 
termini lie in close proximity and are found within TRDI. 
14 
1.7.1 Tv-oe IA 
Type IA R-M systems are typically chromosomally-encoded. Both R subunits of 
the Type IA EcoKI bind with equal affinity to the Wase, whereas both R 
subunits of the Type IB EcoAl, and the second R subunit of the Type IC 
EcoR1241, bind weakly (Janscak et al., 1998; Memagh et al., 1998; Dryden et 
al., 1997; Suri et al., 1994). Cleavage of circularised DNA by EcoKI prefers two 
recognition sites, and atomic force microscopy (AFM) has shown this to also be 
the case for linear DNA (Ellis et al., 1998). In the presence of ATP, a smaller 
footprint is observed for the ENase R. EcoKI (Powell et al., 1998). 
When compared to Type 11 MTases, EcoKI shares the greatest homology with 
M. Hhal, suggesting that it could interact with DNA via two loops and a beta- 
strand. Alignment with Hhal shows these secondary structures would occur 
between amino acids 84 and 121 of the N-terminal TRD of EcoKI. Random 
mutagenesis was employed to identify amino acids close to DNA, and three 
substitutions - T57P, F107S and G141V - prevented restriction and modification 
(O'Neil et al., 1998). When the amino acid sequence of S subunit EcoKI is 
aligned with that of Methanocuccus genitalium these residues appear within beta 
4, beta 8 and between alpha helix lb and alpha helix 2 respectively. All three 
regions are found within TRDL It has been pointed out that members of the 
same family which share a common trinucleotide binding repeat within the 
recognition site have very similar identity within their TRDs, e. g. EcoKI 
recognises the sequence 5'-AAC(N)6GTGC and StySPI recognises 5'- 
AAC(N)6GTRC. The N-tenninal TRI)s that recognise the 5'-AAC sequence 
have 90% identity (Fuller-Pace et al., 1986). 
1.7.2 Type IB 
As has been mentioned for the Type IA enzymes EcoKI and StySPI, enzymes 
with the same trinucleotide repeat share high amino acid identity. In the case of 
the Type IB family members EcoAl and EcoEl, they recognise the same GAG 
trinucleotide as the Type IA family member, StyLTIII. These three S subunits 
possess almost 50% identity, suggesting that the identical amino acids within the 
TRD are critical to DNA recognition (Cowan et al., 1989). 
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Identifying important amino acids conferring ENase activity is another area of 
interest. It has been found that alanine substitutions at positions Asp6l, Glu76 
and Lys78 of EcoAl stop DNA cleavage without affecting ATPase or 
translocation activity (Janscak et al., 1999). To determine if EcoAl adopts a 
similar arrangement to the circular model proposed for EcoR1241 (Kneale, 
1994), circularly permutated mutants of the S subunit of EcoAl were created and 
mixed with the M subunit to reconstitute the Wase (Janscak et al., 1998). In 
vitro methylation showed the reconstituted enzyme to be active, suggesting that 
the N- and C-termini lie in close proximity. 
1.7.3 Type IC 
There are three known members of the Type IC family: the plasmid-encoded 
EcoR1241/11 and EcoDXXI, and the chromosomally-encoded Ecoprrl (Tyndall et 
al., 1994). However, it is possible that the NgoAV R-M system of Neisseria 
gonorrhoeae belongs to this family. While the M and R subunits are similar to 
those of EcoR1241, the S subunit shows little homology. In addition, the genome 
organisation is very different, with the M and S genes being separated by open 
reading frame (ORF) 2, and the DNA sequence for the two putative S genes is 
coded for by two separate ORFs. Homology with EcoR12411 and EcoDXXI 
suggests that the first S gene encodes an active protein (Piekarowicz et al., 2001). 
It has been found that the Hsd loci of Type IC R-M systems are flanked by DNA 
homologous to the phage PI genome (Tyndall et al., 1997). This suggests that at 
some stage the Hsd region was inserted into aPI prophage. Domain shuffling of 
the S subunit then gives rise to the different specificities. Close to the Hsd loci is 
a phage PI packaging (pac) site. This could allow movement to another strain by 
Pl-mediated transduction. However, in the EcoR1241 locus there is an insertion 
sequence (IS) I site that has removed the majority of the PI sequence (Tyndall et 
al., 1997). 
Like EcoR1241, EcoDXXI is encoded on a large conjugative plasmid (Skrzypek 
et al., 1989). Both the 3' and 5' halves of the S subunit of EcoDXXI, when fused 
to a transcription-translation start signal, can code for a protein which confers 
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DNA binding, recognising the symmetrical sequences GAAYN5RTTC and 
TCA(N)8TGA respectively, as opposed to the wild-type recognition sequence 
TCA(N)7RTTC. If both the 3' and 5' halves were co-expressed with the M, 
wild-type DNA recognition was restored (MacWilliams et al., 1996; Meister et 
al., 1993). Like EcoR1241, EcoDXXI contains TAEL repeats in the central 
conserved domain of S. 
1.7.4 Type ID 
Type ID genes are chromosomally-linked, as compared to Type IC genes that are 
normally located on plasmids. Efficiency of plating (EOP) studies identified the 
first member of this family, the Salmonella enterica serovar Blegdam (serB)- 
linked R-M system, that was later confirmed as such and renamed StySBLI 
(Bullas et al., 1980; Titheradge et al., 1996). Two further members, KpnAl from 
Klebsiella oxytoca Wal (previously called Klebsiella pneumoniae) and EcoR91 
from E. coli, were identified by hybridisation assays and later confirmed by 
complementation assays (Barcus et al., 1995; Lee et al., 1997; Titheradge et al., 
2001). Like all Type I R-M systems, two genes -M and S- encode the Wase, 
while an additional R gene is required for the ENase. 
1.7.5 Type IE 
Recently, a Type IE family has been proposed. Two R-M systems have been 
discovered in Klebsiella pneumoniae: however, KpnAl has been classified as a 
Type ID (Lee et al., 1997), whereas KpnBI in strain GM236 has been classified 
as a Type IE. In KpnBl, the R and M genes are separated by at least 2 kbp (Chin 
et al., 2004). Based on comparison with Type IA, 113, IC and ID systems, it was 
shown that KpnBI does not share the typically greater than 70% homology to be 
classed within one of these families, hence its Type IE classification. 
1.8 Type 11 R-M systems 
As of September 2005, REBASE listed 3672 Type 11 ENases, as compared to 67 
Type 1,10 Type III and 3 Type IV ENases (Roberts et al., 2005). The majority of 
Type 11 systems contain separate ENases and Wases that are dependent on Mg 2+ 
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and SAM, respectively. Unlike Type I R-M systems, they are encoded by only 
two genes -R and M- which form an R2 or M, ENase or Wase, respectively. 
Furthermore, DNA cleavage takes place at or close to its recognition site e. g. 
EcoRV, cleaves between the middle T and A bases with the sequence GATATC. 
Prior to cleavage, EcoRV induces a bend in the DNA of approximately 60 A (Cal 
et al., 1996; Horton et al., 2000), shown in figure 1.4. The Mg2+ cofactor 
requirement of EcoRV is critical in determining whether it binds to specific or 
non-specific DNA. In the absence of Mg 2+ , specific 
binding is observed even 
though the binding constant for both specific and non-specific DNA was the 
same (Erskine et al., 1998). Type 11 enzymes have been classified according to 
properties specific to each subgroup, as shown in table 1.2 (Roberts et al., 2003). 
EcoRII may be an evolutionary intermediate between an ENase that is site- 
specific and other enzymes such as recombinases that involve two DNA binding 
sites (Mucke et al., 2002). 
1.9 Type III R-M systems 
Like the Type I R-M systems, Type III R-M systems require ATP and Mg 2+ for 
cleavage of DNA, and SAM is necessary for Wase activity. In the case of 
EcoPl5l, the addition of ATP helps to discriminate between specific and non- 
specific DNA (Ahmad and Rao, 1994). Substitutions with 2-aminopurine in the 
DNA substrate, together with fluorescence spectroscopy, have shown that there 
is a structural distortion at both adenines upon EcoP 151 binding to its recognition 
sequence (5'-CAGCAG-3'), suggesting that base flipping is occurring (Reddy et 
al., 2000). All members of this family require modification and restriction genes 
and when expressed, form a R2M2complex (Janscak et al., 2001). 
The cofactor requirements and number of recognition sites for EcoP I I, a Type III 
R-M system, has been investigated (Peakman et al., 2003). Two sites are 
required for cleavage, although only one of these sites is actually cut to produce 
full-length linear DNA. No difference in the cleavage pattern was found between 
circular and catenane DNA. Cleavage assays suggested that SAM was not 
necessary for activity if Na+ was present. 
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Figure 1.4: Crystal structures of specific enzyme-DNA complexes of BamHI 
and EcoRV. The separate DNA configuration with either BamHl or EcoRV 
removed is shown in (3) and (4), respectively. Unlike BamHl, EcoRV induces a 
50' kink at the centre base pair. Reproduced from Broek et al., 2005. 
Subtypes Defining feaum Emumples Recognition sequence 
A Asymmetric recopition sequence Fold GGATG (9/13) 
Acil CCGC (-3/-1) 
Cleaves both sides of target on both stands Bcgl (10/12) CGANNNNNNrGC (12/10) 
C Symmetric or asymmetric target. R and M functions in one polypeptide Gsul CTGGAG (16/14) 
HwIV (7/13) GAYNNNNNRTC (14/9) 
Bcgi (10/12) CGANNNNNNTGC (12/10) 
E Two tarlpets; one cleaved, one an effector EcoRIl ICCWGG 
Nwl GCCIGGC 
F Two targets, both cleaved coordinately Sfil GGCCNNNNINGGCC 
SpAl CRICCGGYG 
G Syrnmetric or asymmetric target Affected by AdoMet Bsgl GTGCAG (16/14) 
Eco571 CTGAAG (16/14) 
H Symmetric or asymmetric twgeL Similar to Type I gem structure Bcgi (10/12) CGANNNNNNrGC (12/10) 
AW GACNNNINNGTC 
M Subtype UP or HA. Require methylaled target DPRI Gm6 AITC 
p Symmetric target and cleavage sites EcoRl GIAATTC 
PPUMI RGIGWCCY 
Bfill CCNNNNNIIMG 
S Asymmetric target and cleavage sites FoM GGATG (9/13) 
Mmel TCCRAC (20/18) 
T Symmetric or asymmetric target. R Vnes at beterodimen BpU101 CCTNAGC (-5/-2)b 
Bsu CCNNNNNINMG 
aNooe that not all subtypes are mutually exclusive. E. S. IW, I is of subtype P and T. 
Me abbreviation indicates double strand cleavap as shown below: 
5'CCITNA GC 
VGG ANTTCG 
Table 1.2: Classification of Type 11 R-M systems. Taken from Roberts et al., 
2003. 
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EcoRV 
Concentration-dependent rates for both Wase and ENase activity have been 
observed in the Type III ENase Pstll. TheM2MTase is said to have a fast rate of 
activity. DNA cleavage occurs at a slow rate with a R, complex, but if the R2 
ENase is in equilibrium with the R, complex, DNA cleavage occurs at a fast rate 
whilst methylation occurs slowly (Sears and Szczelkun, 2005). This information 
may be of interest in relation to the EcoR1241NTENase that was shown to exist 
as a R, complex while still having ENase activity. The recognition sites for the 
ENase have to be in a head to head orientation with cleavage occurring 25-26 bp 
downstream of the top strand (Sears et al., 2005). 
1.10 Type IV R-M systems 
The Type IV family was first established following the identification of Eco571 
(Janulaitis et al., 1992). Since then other members, including 13seMI1, which 
consists of two convergent genes recognising the pentanucleotide sequence 5'- 
CTCAG(N)10/8ý, EcoKMcrBC consisting of three collinear genes, and 
BspLullIII from Bacillus sp. LUll, have been identified (Jurenaite- 
Urbanaviciene et al., 2001; Panne et al., 2001; Lepikhov et al., 2001). They are 
all characterised by a single gene encoding both the ENase and Wase, and 
cleavage occurs at a defined distance from the recognition site (30 bp in the case 
of EcoKMcrBC). Both SAM and Mg 2+ . 
but not ATP, are required for cleavage 
(Panne et al., 2001; Jurenaite-Urbanaviciene et al., 2001). 
1.11 Discovery of new R-M systems 
Until recently, discovery of R-M systems in bacteria has relied on classical phage 
assays (Arber et al., 1969). Briefly, a recognition site within phage DNA is only 
cleaved if it is not modified or methylated by host MTases. Restriction is 
measured by an EOP equal to approximately 10-2 to 10-5 . 
Any surviving 
bacteriophages that have been methylated will have an EOP of about 1.0. A 
plasmid transformation method has now been developed, which allows E. coli to 
be screened for the presence of R-M systems (Kasarjian et al., 2003). This 
approach does not require the bacterial strain to be susceptible to phage and in 
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addition, it is not affected by anti-restriction mechanisms such as the ocr protein 
or Wases encoded in the phage genome (Kruger et al., 1983). 
An in vitro approach to search for novel R-M systems using a wheatgerm-based 
assay has been developed. It is based on the selfish mobile gene theory to 
identify genes in the related genomes of Pyrococcus horikoshii and Pyoroccus 
abyssi. Candidate genes were cloned to remove their own translational signal so 
that they were instead under the control of a plant translation signal. Following in 
vitro transcription, the mRNA is translated into wheatgerm-based, cell-free 
protein and tested for ENase activity. This approach identified a novel enzyme, 
PabI (Ishikawa et al., 2005). 
Another new method involves searching for mutations occurring at a higher rate 
than background in the DNA sequences of complete microbial strains (Zheng et 
al., 2004). The largest groups found by this method are hypothetical genes, the 
outer membrane protein family, and R-M systems. A similar approach based on 
the predicted protein sequence of open reading frames specifically for SAM- 
dependent Wases has also been developed (Katz et al., 2003). 
1.11.1 The LlaJI novel R-M system 
A novel R-M system, LlaJI from Lactococcus lactis, has been discovered within 
a naturally occurring plasmid. It has been shown to be transcriptionally regulated 
by the pNP40 plasmid, which encodes the whole of the system. So far, nineteen 
new R-M systems have been found, mainly within plasmid-encoded lactococci, 
some of which share features of both Type I and Type IIS R-M systems (see 
table 1.2). For example, Llal, like Type II enzymes, requires a single gene for 
expression of its Wase. However, three genes are needed for expression of the 
ENase, like the multi-subunit Type I R-M systems (O'Sullivan et al., 1995). On 
the other hand, the LlaGI operon encodes a single polypeptide containing both 
Wase and ENase activities. 
Boucher (2001) identified three L. lactis plasmids possessing defence 
mechanisms against phage. The theta replication regions of these plasmids were 
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associated with two additional coding regions, one of which encodes the S 
subunit of a Type I R-M system. When introduced into L. lactis ILI403, the S 
subunit of pSRQ800 and pSRQ900 conferred weak resistance against phage 
P008. These results indicate that both S subunits are able to complement the 
chromosomally-encoded Type I R-M system in L. lactis ILI 403 (Bourgeois et al. 
1992). Supplementing the plasmid-free strain of L. lactis MG1614 with the 
plasmid-encoded LlaAl R-M system reduces bacteriophage infection during milk 
fermentation (Gabs et al., 2003). 
1.11.2 The Bfil novel R-M system 
The Type 11 R-M system Bfil does not require the presence of metal ions to 
function. It represents an evolutionary fusion of a DNA recognition domain and a 
phosphodiesterase domain from the phospholipase D superfamily (Zaremba et 
al., 2004). 
1.11.3 The Alol novel R-M system 
The recently discovered Alol R-M system from Acinetobacter 1woffi Ks 4-8 is 
thought to have evolved from the gene fusion of an ENase and the M and S genes 
of a Type I system. Unlike Type I R-M systems, cleavage only requires Mg 2+ !, 
and modification requires Ca2+. Both the M subunit and the C-terminal and 
conserved central region of the S subunit share homology with the M and S 
subunits of Type I R-M systems. However, the N-terminus contains a unique 
ENase motif DX,, EXK (Cesnaviciene et al., 2001). 
1.11.4 The Yenl novel R-M system 
The Yenl R-M system in Yersinia enterocolitica 0: 8 113 shares over 40% amino 
acid identity with the Pstl isoschizomers, Pstl and BsuI, and like other Type II 
enzymes, cleaves at a specific recognition sequence (Antonenko et al., 2003). 
Like the Type IV R-M systems a single polypeptide organisation contains both 
the Wase and ENase. 
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Figure 1.5: A model for the crystal structure of the S subunit from 
Methanocuccus genitalium in complex with DNA. Reproduced from Calisto et 
al., 2005. To form this model a 20mer B-DNA duplex was positioned alongside 
the S subunit. 
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1.12 EcoR1241 
EcoR124I was originally found on the conjugative plasmid R124 (Hedges, 
1972). EcoR124I recognises the DNA sequence GAAN6RTCG (Glover and 
Firman 1982). The wild-type Wase is composed of two M subunits and a single 
S subunit to form an M2S complex (Taylor et al., 1992). The Wase methylates 
the N6 of the second adenine within the recognition sequence. 
1.12.1 The S subunit 
The S subunit has been found to be insoluble unless co-expressed with the M 
subunit (Patel et al., 1992; Taylor, 1992). To allow further characterisation of the 
S subunit, thirteen fragments of the S gene were formed by PCR (Smith et al., 
1998). Two - S3 and SII- were found to be soluble in solution. As shown in 
figure 1.6, S3 (residues 1-215) contains the central conserved region and the N- 
terminal TRD of S. The TRD recognises the 5'-GAA of the symmetrical 
sequence GAAN7TTC. Sedimentation equilibrium has shown S3 to exist as a 
dimer in solution, and may adopt the same circular conformation as the full- 
length S subunit (Smith et al., 2001). This system is based on the N-terminal 
domain of EcoR124I. it will be designated EcoR124INT. There are similarities 
between EcoR1241NTand the Ahdl system, which also forms an S dimer and has 
a symmetrical recognition sequence (Marks et al., 2004). 
SII (residues 141-215) contains the central conserved domain, which is 
responsible for interaction with M. This conserved region contains two TAEL 
repeats. Increasing the number of these repeats from two in EcoR1241 to three, as 
in the case of EcoR12411, increases the length of the spacer region within the 
recognition site from 6 bp to 7bp (Price et al., 1989; Gubler et al., 1991 and 
1992). In the case of the S subunit of Methanoccus genitalium, the coiled-coil 
has a length of 22-28 A. Therefore if each turn of an DNA helix is 3.4 A, the 
coiled-coil region represents aN spacer length of 6-8 bp, common to all type I R- 
M systems (Calisto et al., 2005). The likely orientation of the DNA and the 
HsdS subunit is shown in figure 1.5. 
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EcoR1241 
S3 
Sil 141 215 
Figure 1.6: The S subunit of EcoR1241 with the S3 and S11 fragments 
produced by PCR cloning. The variable (V I and V2) and conserved amino acid 
domains are shown. The N-terminal VI region (TRD I) recognises GAA and the 
C-terminal V2 region (TRD2) recognises RTCG. 
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1.12.2 The M subunit 
Unlike the S subunit, M can be expressed in high levels in E. coli and is soluble 
in solution (Patel et al., 1992; Taylor, 1992). The M subunit is required for 
Wase activity in complex with the S subunit and contains a SAM binding 
region. 
1.12.3 The R subunit 
The DEAD-box motif is contained within all Type I R-M systems and is 
involved in ENase activity. This motif is also found in a diverse range of ATP- 
dependent processes (Gorbalenya et al., 1991). 
Region X, which occurs before the DEAD-box motif of the Type I R-M systems, 
shares similarities with the P-D ... (D/E)-X-K motif found in many Type 11 
ENases, e. g. EcoRl and EcoRV (Pingoud et al., 1997). The proline residue is 
absent in the Type I consensus sequence. However, mutation studies on Type 11 
ENases have suggested that it is not critical to activity (Cheng et al., 1994; 
Lagunavicius et al., 1997). The interaction of the R subunit with M. EcoR1241 
stabilises DNA binding (Mernagh et al., 1998a). It has also been shown that the 
R subunit is capable of ATPase activity and weak ENase activity (Zinkevich et 
al., 1997). 
1.12.4 The EcoR 1241 and EcoR 1241 TMTases 
The Wase M. EcoR1241 consists of two M subunits, each of 58 kDa, and a 
single subunit of S (46 kDa), to form a trimeric complexM2S1 (M, - 162 kDa). 
The Wase recognises the sequence GAAN6RTCG, where R= purine and N= 
any nucleotide. Methylation of either of the two target adenines reduces the 
binding affinity of the Wase, but increases the rate of DNA methylation at the 
other site (Taylor et al., 1993). SYM recognises the symmetrical recognition 
sequence GAA(N)7TTC. Exonuclease III footprinting of SYM has shown that a 
29 bp region is protected, whereas DNase I footprinting of the wild-type Wase 
identified a protected region spanning 23 bp (Smith et al., 2001; Mernagh et al., 
1996). 
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1.12.5 The R _Fcc)R 1241 ENase 
The ENase is formed by the addition of the R subunit to the Wase. Binding of 
the first R subunit has been shown to be very strong, while the binding of the 
second R subunit is much weaker (Janscak et al., 1998; Mernagh et al., 1998). It 
has been reported that with one R subunit bound, i. e. a stoichiometry Of M2SR1, 
no cleavage is observed, although the complex still functions as an ATPase. 
Only with the addition of a second R subunit does the ENase (M2SIR2) can 
cleave DNA (Janscak et al., 1998). R. EcoR1241 preferentially cleaves DNA 
substrates - both supercoiled and linear - containing two recognition sites as 
opposed to one (Janscak et al., 1999). The current hypothesis for DNA cleavage 
suggests that a translocation blockage is required. This can either be caused by 
the collision of two translocating ENases, or by the presence of a physical barrier 
such as a Holliday junction (Janscak et al., 1999). The two motor subunits of the 
R2 wild-type ENase work independently. The R, complex has a translocation 
rate of 550 ± 30 bp s-1, while the rate of the R2 complex was twice this (Seidel et 
al., 2004). 
1.12.6 DNA bindina 
The M subunit is required for effective DNA binding of the S subunit of 
M. EcoR1241 (Mernagh, et al., 1997). The binding affinity of M. EcoR1241 for 
hemi-methylated DNA decreases 30-fold, whilst the methylation rate increases 
by a factor of 100-200, compared to the unmethylated sequence (Taylor et al., 
1993). It has been shown that the lysine residues K297, K261 and K327 located 
in the C-terminal variable domain, and the residues K196, K203 and K210 
located in the conserved regions are protected by DNA binding (Taylor et al., 
1996). 
Small angle x-ray scattering (SAXS) has shown that there is a decrease in both 
the radius of gyration (from 56 A to 40 A), and in the maximum dimension of the 
Wase (from 180 A to 112 A), which is independent of the methylation status of 
the DNA (Taylor et al., 1994). This may be due to rotation of the M subunits to 
make non-specific contacts with the DNA, while the S subunit acts as a hinge. 
CD spectroscopy shows a large conformational change in the DNA, whilst the 
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Wase shows no change in secondary structure. This suggests local unwinding of 
the DNA helix allowing base flipping to occur (Taylor et al., 1994). Recent 
results for M. EcoKl (Su et al., 2005) suggest DNA bending might also be 
correlated with base flipping. 
1.13 Aims of the project 
The work presented in this thesis continues the characterisation of the engineered 
EcoR1241NT system (Smith, 2000). The first requirement of this project was to 
ensure that there was a reliable expression and purification method for the whole 
EcoR1241NT system. To date, the solution stoichiometry of SYM and S3/M/R 
has not been conclusively determined. Therefore sedimentation equilibrium and 
velocity experiments in conjunction with dynamic light scattering were to be 
investigated. Prior to the start of this project, little structural information was 
available on either the wild-type EcoR1241 systems or the engineered 
EcoR1241NT. Therefore, small angle neutron scattering experiments would be 
used to produce a low-resolution model for the latter system and to determine if 
there is a structural change upon DNA binding. However, sedimentation velocity 
experiments could first be used to detect this change. To confirm the activity of 
the Wase and ENase requires the development of appropriate enzyme assays. 
Once such assays were developed, it would also be of interest to determine 
whether methylation by SYM could be inhibited by the ocr protein. The results 
of the experiments are presented in Chapters 3-6 of this thesis, and the main 
conclusions and significance are summarised in Chapter 7. 
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Chapter 2 
Materials and Methods 
2.1 Materials 
All buffers and solutions were made with deionised water and either filtered 
through sterile 0.2 ýtm filters or autoclaved. 
2.1.1 Stock solutions 
50 mg mL-1 ampicillin 
10% w/v APS 
1 mg mL-1 CaC12.2H20/ FeC13 
(Ca2+/ Fe 3+) 
1 ýig mL-1 CUS04/MnC12.4H20/ 
ZnC12/ Na2M004.2H20 
(trace elements) 
IM DTT 
I Omg mL- 1 EtBr 
4.9MMgCI2 (Sigma) 
3M NaAc pH 5.2 
5M NaOH 
IM Tris-HCI pH 8.0 
Frozen in aliquots and stored at -20'C 
Stored in cold room (4'C) for up to one week 
Stored in cold room 
Stored in cold room 
Frozen in aliquots and stored at -20'C 
Light sensitive, stored in dark 
2.1.2 Bacterial cell culture solutions 
Luria-Bertani (LB) medium Tryptone log 
Yeast extract 5g 
NaCl 5g 
dH20 Upto IL 
pH to 7.2 with NaOH and autoclave. 
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LB plates Tryptone 10 g 
Yeast extract 5g 
NaCl 5g 
dH20 Up to IL 
pH to 7.2 with NaOH 
Agar 12.5 g 
Autoclave same day. Antibiotics can be 
added when the agar has cooled to - 50'C 
and the resulting plates stored in dark at 4'C. 
2x YT medium Tryptone 16 g 
Yeast extract log 
NaCl 5g 
dH20 Upto IL 
pH to 7.2 with NaOH and autoclave. 
FB1 RbCl 100 mm 
MnC12.4H20 50 mM 
KAc 30 mM 
CaC12.2H20 10 mm 
Glycerol 15% w/v 
pH to 6.8 with NaOH and filter sterilise. 
FB2 MOPS 10 mm 
RbCl 10 mm 
CaC12.2H20 75 mM 
Glycerol 15% w/v 
pH to 6.8 with NaOH and filter sterilise. 
SOC medium Tryptone 20 g L-1 
Yeast extract 5g L-1 
NaCl 0.5 g L-1 
KCI 25 mM 
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2. L. 3 Gel solutions 
5x Orange G loading buffer 
50 x TAE 
(National Diagnostics) 
ProtoGel@ 
(National Diagnostics) 
Schdgger PAGE gel buffer 
Schdgger PAGE anode buffer 
Schdgger PAGE cathode buffer 
2x Schligger PAGE loading 
buffer 
Protein stain 
Protein destain 
Glycerol 50% v/v 
Na2EDTA 100 mm 
Orange G 0.125% w/v 
Tris-acetate 2M 
Na2EDTA loomm 
Acrylamide 30% w/v 
Bis-acrylamide 0.8% w/v 
Tris-HCI pH 8.45 3M 
SDS 0.3% w/v 
Tris-HCI pH 8.9 200 mM 
Tris-HCI loomm 
Tricine loomm 
SDS 0.1 % W/v 
Tris-HCI pH 6.8 50 mM 
SDS 4% w/v 
Glycerol 12% w/v 
2-mercaptoethanol 2% v/v 
Coomassie Brilliant Blue G 0.01% W/V 
Acetic acid 10% V/v 
Methanol 50% v/v 
Coomassie brilliant blue R-250 I gL-1 
Acetic acid 
Methanol 
10% V/v 
10% V/v 
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19: 1 AccuGeITM Acrylamide 38% w/v 
(National Diagnostics) Bis-acrylamide 2% w/v 
29: 1 AccuGeITM Acrylamide 38.62% w/v 
(National Diagnostics) Bis-acrylamide 1.38% w/v 
Formamide loading buffer Formamide 10 mL 
Bromophenol blue 0.05% w/v 
Xylene cyanol FF 0.05% w/v 
5x Ficoll loading buffer Tris-HCI pH 8.0 50 mM 
MgCl2 10 mm 
DTT I mm 
Ficoll 20 % w/v 
2.1.4 Protein purification solutions 
1 The S3 and Sl I subunit 
Lysis buffer sodium phosphate pH 8.0 50 mM 
NaCl 500 mM 
Elution buffer sodium phosphate pH 8.0 50 mM 
imidazole 500 mM 
NaCl 500 mM 
Stripping buffer Tris-HCI pH 8.0 50 mM 
NaCl Im 
Nickel Ions NiS04.61-120 100 mm 
Salt wash NaCl 500 mM 
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2.1.4.2 The M subunit 
Lysis buffer Tris-HCI pH 8.0 50 mM 
NaCl 100 mm 
sucrose 25 % w/v 
Na2EDTA 5 mM 
DTT 3 mM 
IEXI Tris-HCI pH 8.0 lomm 
NaC1 loomm 
Na2EDTA 1 mm 
DTT 1 mm 
IEX2 Tris-HCI pH 8.0 lomm 
NaC1 2M 
Na2EDTA 1 mm 
DTT 1 mm 
HIC I ammonium sulphate 12 % w/v 
Tris-HCI pH 8.0 10 mm 
NaCl 100 mm 
Na2EDTA I mm 
DTT I mm 
H1C2 / TNE Tris-HCI pH 8.0 lomm 
NaC1 loomm 
Na2EDTA 1 mm 
DTT 1 mm 
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2.1.4.3 The R subunit 
Lysis buffer Tris-HCI pH 8.0 50 mM 
NaCl 100 mm 
Sucrose 25 % w/v 
Na2EDTA 5 mM 
DTT 3 mM 
IEX3 Tris-HCI pH 8.0 lomm 
NaC1 50 mM 
Na2EDTA 1 mm 
IEX4 Tris-HCI pH 8.0 lomm 
NaC1 loomm 
Na2EDTA 1 mm 
2.1.5 Miscellaneous solutions 
Annealing buffer Tris-HCI pH 8.2 10 mm 
NaCl 150 mM 
MgCl2 10 mm 
10 x ThermoPol buffer KCI 100 mm 
(New England Biolabs) Tris-HCI (pH 8.8 at 25'C) 200 mM 
(NH4)2SO4 100 mm 
MgS04 20 mM 
Triton X- 100 1% 
PCR master mix 10 x ThennoPol buffer 5 ýtL 
Template DNA I ýLL 
5' primer (5 0 ýM) 0.5 ýtL 
3' primer (5 0 ýM) 0.5 ýtL 
dATP (10 mM) I ýtL 
dCTP (10 mM) I ýtL 
dGTP (10 mM) I ýtL 
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dTTP (10 mM) I ýtL 
10 x T4 DNA ligase reaction 
buffer 
10 x Polynucleotide Kinase 
(PNK) buffer 
(New England Biolabs) 
2.1.6 Sopliers 
VentR@ DNA polymerase 
(2 U/ýtL) 0.5 ýtL 
dH20 3 8.5 ýtL 
Tris-HCI pH 7.5 500 mM 
M9C12 loomm 
DTT loomm 
ATP lomm 
BSA 250 ýtg mL-1 
Tris-HCI pH 7.6 700 mM 
M9C12 loomm 
DTT 50 mM 
All chemicals were generally of AnalaR(t or Molecular Biology grade and were 
purchased from Fisher, Merck or Sigma. Restriction enzymes and DNA markers 
were purchased from New England Biolabs (NEB). Protein markers were 
purchased from Invitrogen TM . Expression vectors were purchased from Novagen. 
Oligonucleotides were purchased from Oswel or Invitrogen. Dialysis membranes 
were purchased from Spectrum(t, and filter membranes and syringe filters were 
purchased from Whatmang and the Nalgene Company, respectively. Sample 
concentrators were purchased from Sartorius and Millipore. 
2.2 Electrophoresis 
2.2.1 Aaarose aels 
DNA fragments were separated based on size using horizontal submarine agarose 
slab gels. The gel solution consisted of Ix TAE and a percentage of agarose 
dependent on the size of the fragments to be separated. The mixture was melted 
in a microwave and allowed to cool to approximately 501C before the addition of 
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4 ýtL EtBr stock per 100 mL gel solution. The gel sledge was sealed at both ends 
with tape, the comb was inserted, and the gel was poured. The DNA samples to 
be analysed were mixed with a one-fifth volume of 5x Orange G, mixed and 
loaded. The gel was run in Ix TAE running buffer at 100 V. The DNA was then 
visualised using UV transillumination and depending upon the size of the 
fragment, the sizes were estimated by comparison with either I kbp (NEB) or 
100 bp (NEB) DNA ladder (figure 2.1). 
2.2.2 Tris-tricine polyacrylamide (Schdager) gels 
Tris-tricine polyacrylamide gels (Schdgger and von Jagow, 1987) can resolve 
low molecular weight proteins (10 kDa or less) such as S 11, according to their 
molecular weight. 
Glass plates, spacers and combs were first cleaned in dH20 and then degreased in 
EtOH. They were then assembled and clamped. The gels were then made 
according to table 2.1. After 6.6 mL resolving gel mixture was poured between 
the plates, a volume of water-saturated butanol was carefully added to ensure that 
there was an even interface between the resolving and stacking gels. When the 
resolving gel had set, the butanol was removed, the gel surface was rinsed with 
dH20, and the stacking gel mixture was added. The comb was then placed into 
the gel. When the gel had set, the comb, spacer and clamps are removed and the 
gel was placed in the gel tank. Anode buffer was added to the outer section of the 
tank and cathode buffer was added to the inner section. The wells were then 
cleaned with cathode buffer. 
Samples were prepared for electrophoresis by adding a one-half volume of 2x 
Schdgger PAGE loading buffer to them and heating at 95'C for 5 min. The 
samples were then centrifuged at 14,000 rpm for I min and loaded onto the gel. 
Each gel had 5 ýtL BenchmarkTM protein ladder (Invitrogen) loaded onto it (figure 
2.1). The gels are run for 35 min at 60 V, followed by 150 V until the dye front 
reaches the bottom of the resolving gel. Following electrophoresis, the gel was 
removed and stained in stain solution for Ih at room temperature and destained 
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Stock solutions 
Stacking 
gel 
Resolving gel 
10% 12% 
Protogel 405 ýtL 2.5 mL 3 mL 
Tris-HCI pH 8.45 77 2.5 mL 2.5 mL 
dH20 1.95 mL 1.7 mL 1.2 mL 
Glycerol - 800 ýtL 800 ýtL 
10% w/v APS 62.5 12.5 ýtL L 
TEMED 12.5 ýtL 5 ýtL 5 ýtL 
Table 2.1: Composition of a 10 and 12% tris-tricine polyacrylamide gel. 
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overnight in destain containing tissue to preferentially remove the dye. When 
sufficiently destained, the gels were visualised and photographed. 
2.2.3 Native polyacrylamide gel electrophoresis 
Non-denaturing polyacrylamide gels were used for gel retardation assays and 
stoichiometry studies at an 8% acrylamide concentration and for the purification 
of duplex DNA at a 16% acrylamide concentration. Two sizes of gels were used, 
the 12 x 10 cm plates that require 10 mL of gel solution were used for gel 
retardation assays and the 16 x 16 cm plates separated by 2 mm spacers that 
require 40 mL of gel solution were used for DNA purification. The plates, combs 
and spacers were thoroughly cleaned with dH20then degreased with EtOH. The 
required volumes of gel solution were made with TBE (0.25 x TBE for the 10 
mL gels, Ix TBE for the 40 mL gels), 0.1% (w/v) APS and 0.2% (v/v) TEMED 
with the required percentage acrylamide from 40% AccuGeITM 19: 1. The solution 
was poured and allowed to polymerise overnight at 4'C. The gel was then pre- 
electrophoresed in a TBE buffer of the same concentration as the gel for Ih at 
4'C, 100 V for the 10 mL gels and 200 V for the 40 mL gels. The sample loading 
buffers and gel running times are detailed under subsequent sections. The gels 
were visualised using EtBr for unlabelled DNA. 
2.3 Sub-cloning 
2.3.1 Plasmid preparation 
Small quantities of the plasmid were prepared using the QIAprep@ Spin 
Miniprep Kit (Qiagen) according to the manufacturer's instructions. 
2.3.2. Polymerase Chain Reaction (PCR) 
The polymerase chain reaction (PCR) was used for the amplification of the R 
gene from the parental clone containing the entire EcoR1241 system in the 
pCP1005 vector. All PCR reactions were performed using the standard PCR 
master mix including Vent DNA polymerase (NEB) as it contains 3' to 5' 
proofreading, as opposed to Taq DNA polymerase. The extension time was 
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Figure 2.1: Four gel markers used for protein and DNA analysis. (A) is a 
Benchmark TM protein ladder (Invitrogen). (B) is aI kbp DNA ladder (NEB). (C) 
is a 100 bp DNA ladder (NEB). (D) is aI kbp DNA ladder (Amersham 
Biosciences). 
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based on I kb of PCR product produced per 60 seconds of incubation. The PCR 
mixtures were placed into a PTC-150 MinicyclerTm PCR machine (MJ Research) 
with a hot bonnet attachment to minimise condensation and the following 
program was run: melting (5 min, 95'C), followed by 25 cycles of melting (30 s, 
95'C), annealing (30 s, 55'C) and extension (3 min 15 s, 72'C). The samples 
were then run on an agarose gel (typically 2%), the appropriate band was excised 
after visualisation using a low energy UV transilluminator, and the DNA was 
purified using the QlAquick@ Gel Extraction Kit (Qiagen) according to the 
manufacturer's instructions. 
2.3.3 Restriction enzyme digests 
The plasmid and PCR products were digested using restriction enzymes and the 
reactions were performed according to the manufacturer's instructions. The PCR 
product was then purified using the QlAquick@ PCR Purification Kit (Qiagen) 
according to the manufacturer's instructions. 
2.3.4 Purification of DNA 
Following PCR, the products were purified by using either the Qiaquicko PCR 
Purification kit or the bands of interest were removed using a clean scalpel blade 
and purified using a QIAEX 110 Agarose Gel Extraction Kit (Qiagen). 
2.3.5 TOPQ@ TA cloning reaction 
Following PCR, the products were incubated with 0.2 ýtL of Taq DNA 
polymerase at 5 units/ýtL to add 3' A overhangs, for 30 mins at 72'C. I ýIL of 
this reaction was used in the TOPOO TA cloning reaction [I ýtL fresh PCR 
reaction, I ýtL salt solution (1.2 M NaCl, 0.06M MgC12)9 I ýtL TOPOO vector 
and 7 [tL sterile water]. The reaction was left at 22'C for 30 minutes. 2 ýtL of 
the TOPO@ TA cloning reaction was transfon-ned into MachlTM - Tl@ Exo1i 
competent cells (see section 2.4.2). Following plasmid-DNA preparation (see 
section 2.3.1), the plasmids were screened by restriction digestion (2.3.3). 
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2.3.6 Uzation reacti ns 
Ligation of the gene into the vector DNA was carried out in a 14 ýLL reaction 
mixture containing 0.5 ýtL (200 U) T4 DNA ligase and Ix T4 DNA ligase 
reaction buffer. The reaction mixture was incubated at 16'C overnight. The 
reaction was performed using a 5: 1 insert to plasmid ratio. Following incubation, 
the product was used to transform competent E coli JM 109 cells. 
2.4 Protein expression 
2.4.1 Com-Petent cell production 
Bacterial cells are required to be competent to enable effective uptake of plasmid 
vectors or plasmid vector constructs. For this purpose, strains of E. coli [JM109, 
DH5a and BL21 (DE3) Gold] were plated onto fresh agar containing no 
antibiotic. A single colony was then used to inoculate 10 mL 2x YT that was 
grown overnight at 37C. The overnight culture was used to inoculate 500 mL 2 
x YT (pre-warmed to 37'C) and this was incubated at 37'C whilst shaking at 225 
rpm. When an OD600 of approximately 0.6 was achieved, the cells were collected 
by centrifugation in a swing out rotor at 4000 g, 4'C for 20 min t and the cells 
were resuspended in 166 mL FBI and left on ice for 15 min. The centrifugation 
step was repeated, the cells were resuspended in 40 mL FB2 and kept on ice for a 
further 15 min. Aliquots of 1 mL were then transferred to microcentrifuge tubes 
on ice, snap frozen in liquid N2, and stored at -70'C until required. 
2.4.2 Transformation of competent cells 
AI mL aliquot of competent cells was thawed on ice and 100 ýLL transferred to a 
cold microcentrifuge tube, to which either I ýtL plasmid or 14 ýtL ligation 
product was added. The tube was kept on ice for 10 min, heat shocked at 42'C 
for 45 s and returned to ice for a further 2 min. A 900 4 volume of cold 2x YT 
was added to the tube, which was then placed in a shaking incubator at 37'C for 
I h. Centrifuging for 10 seconds pelleted the cells and 800 ýtL supernatant was 
removed. The pellet was then resuspended in the remaining supernatant and 100 
ýtL was removed and spread onto an agar plate containing 50 ýtg mL-1 ampicillin. 
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The plate was then incubated overnight at 370C. The plates were discarded as 
soon as successful overnight starter cultures had been grown. 
2.4.3 Starter cultures 
In the case of R and M expression, a single colony of transformed bacterial cells 
(section 2.4.2) from a plate was added to a5 mL volume of 2x YT medium 
containing 100 ýtg mL-1 ampicillin for both expression of R and M. For S3 and 
S 11, a single colony was added to a 100 mL volume of 2x YT medium 
containing 50 [tg mL-1 kanamycin. In the case of S3 and S 11, the cultures were 
incubated overnight at 37T at 200 rpm in a shaking incubator. For expression of 
M and R, the cultures were grown at 37T at 200 rpm until the OD600 light 
scattering reading reached 0.6, as it was found growing the starter cultures 
resulted in loss or no expression of the target gene. 
2.4.4 PreliminM expression tests and large-scale protein expression 
Expression testing and large-scale expression of the native target protein was 
carried out in 2L culture flasks containing 0.5 L2x YT or LB broth containing 
either 50 ýig mL- 1 kanamycin (S II and S 3) or 100 ýtg mL- 1 ampicillin (M and R). 
The culture flasks were pre-warmed to 37'C and then inoculated with an 
overnight culture (100 mL for SII and S 3, and 5 mL for M and R). The flasks 
were incubated at 37'C in a shaking incubator (250 rpm) for approximately 2.5-3 
h until the cells had reached mid-log phase, interpreted as an OD600 light 
scattering reading of 0.6. Protein expression was then induced by the addition of 
I mM IPTG (in all cases) to the culture flasks and incubation continued for a 
further 3 h. The cells were harvested by centrifugation at 7000 rpm, 4'C for 30 
min. The cell pellets were stored at -20'C. 
2.5 Protein purification 
2.5.1 SII and S3 
2.5. LI Cell lysis 
Cell pellets were resuspended in 5 mL lysis buffer per IL of culture, at 4'C. The 
cells were then lysed using a VibracellTM VCX 500 high intensity ultrasonic 
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processor (Jencons-PLS) with the CV 33, V2-inch probe attachment in a glass 
beaker set in ice. The amplitude typically was 40% for a 20 mL volume, and the 
temperature probe was inserted into the sample to ensure the temperature 
remained below 9'C. The cells were lysed using two cycles of 23 x 9.9 s sonic 
bursts interspersed with 9.9 s resting periods. Following lysis, the supernatant 
was separated from the cell debris by centrifugation at 39,000 g, 4'C for 30 min. 
2.5.1.2 Affinity Chromatography 
All further purification steps were carried out at 4'C. AI mL HiTrap chelating 
HP column (Amersham Pharmacia) was prepared by syringing through 10 mL 
water, followed by 2 mL 100 mM NiS04.6H20 and 10 mL water. The column 
was connected to either an AKTA prime or AKTA purifier. The column was 
equilibrated column with lysis buffer at I mL/min. 20 mL of clarified S3 
following centrifugation was loaded at I mUmin. The column was washed 
through with 15 CV lysis buffer. A 15 CV gradient of 0-100 % elution buffer 
was run at I mL/min. SII or S3 eluted at approximately 200 mM imidazole. 100 
% elution buffer was then run at I mL/min for 15 CV. The yield at this stage is 
typically 16 mg/L bacterial cells 
2.5.1.3 Cleavage of Histidine-tag 
Following affinity chromatography, the pooled fractions were buffer exchanged 
using a 25 mL Vivaspin (MWCO 5 kDa for SII or 10 kDa for S3) or dialysed 
overnight into lEXI pH 8.0. The thrombin cleavage reaction was performed at 
room temperature for two hours using an enzyme concentration of 2 U/mg 
protein. Cleavage was found not to require CaC12. The reaction was stopped 
with I mM PMSF. 
2.5.1.4 Affinity Chromatography 
AI mL HiTrap, chelating HP column (Amersham Pharmacia) was stripped with 
and recharged with nickel ions. The procedure was then identical to section 
2.5.1.2, except the flow through was collected containing native SII or S3. No 
further purification was required. 
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2.5.2 The M subunit 
2.5.2.1 Cell lysis 
Cell pellets were resuspended in 20 mL lysis buffer per IL of culture, at VC- 
The cells were then lysed using a VibracelITM VCX 500 high intensity ultrasonic 
processor (Jencons-PLS) with the CV 33,1/2-inch probe attachment in a glass 
beaker set in ice. The amplitude was typically 30% for a 50 mL volume, and the 
temperature probe was inserted into the sample to ensure the temperature 
remained below 9'C. The cells were lysed using two cycles of 15 x 9.9 s sonic 
bursts interspersed with 9.9 s resting periods. Following lysis, the supernatant 
was separated from the cell debris by centrifugation at 39,000 g, 4'C for 30 min. 
2.5.2.2 Removal ofDNA 
Following the removal of insoluble macromolecules and cell debris, DNA was 
removed. To the lysate, an equal volume of a buffer containing 20 mg/mL 
protamine sulphate salt from salmon (Sigma), IM NaCl, 10 mM Tris-HCI pH 
8.0,1 mM EDTA, I mM DTT, was added such that the final concentration of 
NaCl was 500 mM and protamine sulphate was 10 mg/mL whilst slowly mixing 
at 4'C. The solution was mixed at 4'C for 30 minutes before precipitated nucleic 
acids were removed from the sample by centrifugation (12,000 g, 4'C, 20 min). 
and then resuspended in the appropriate volume of heparin buffer A, typically 5 
ml, per pellet. The sample was then dialysed overnight in IEX 1. Before column 
loading, the sample was centrifuged (27,000 g, 4'C, 30 min). 
2.5.2.3 Desalting 
Four 5 mL HiTrap desalting columns were connected in series and equilibrated 
in IEXI buffer. 1.5 mL of sample (following protamine sulphate precipitation) 
was injected. The flow-rate was 5 mL min-' and the fraction size was 1.8 mL. 
The appropriate fractions were analysed by 12.5 % SDS-PAGE, and the 
appropriate fractions were then pooled and dialysed overnight in lEX I buffer. 
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2.5.3. The R subunit 
2.5.3.1 Cell lysis 
Cell pellets were resuspended in 20 mL lysis buffer per IL of culture, at 4'C. 
The cells were then lysed using a VibracellTM VCX 500 high intensity ultrasonic 
processor (Jencons-PLS) with the CV 33,1/2-inch probe attachment in a glass 
beaker set in ice. The amplitude was set to equal the lysis volume, typically 30% 
for a 50 mL volume, and the temperature probe was inserted into the sample to 
ensure the temperature remained below 9'C. The cells were lysed using two 
cycles of 15 x 9.9 s sonic bursts interspersed with 9.9 s resting periods. 
Following lysis, the supernatant was separated from the cell debris by 
centrifugation at 39,000 g, 4'C for 30 min. 
2.5.3.2 Removal ofDNA 
Following the removal of insoluble macromolecules and cell debris, DNA was 
removed. To the lysate to a final concentration of 20 mg/mL protamine sulphate 
salt from salmon (sigma) in was then added in a buffer containing IM NaCl, 10 
mM Tris-HCI pH 8.0,1 mM EDTA, I mM DTT, by adding an equal volume, 
such that the final concentration of NaCI was 500 mM whilst slowly mixing at 
4'C. The solution was mixed at 4'C for 30 minutes before precipitated nucleic 
acids were removed from the sample by centrifugation (12,000 g, 4'C, 20 min). 
The sample was then dialysed overnight in lEX 2. Before column loading, the 
sample was centrifuged (27,000 g, 4'C, 30 min) on a HiTrap heparin column. 
2.5.3.3 Heparin Chromatography 
Heparin and all subsequent chromatographic steps were performed on the AKTA 
Purifier system (Amersham Pharmacia) using columns purchased from 
Amersham Pharmacia. Heparin FPLC was performed using a four I mL Hi- 
TrapTm heparin HP columns connected in series and consisted of equilibrating the 
column with 5 column volumes (CV) IEX3 buffer, injecting the sample 
(typically 10-12 mL), 12 CV wash/equilibration and a 15 CV linear gradient (0- 
100% IEX4 buffer B). The flow-rate was I mL min-' and the fraction size was 2 
mL. The appropriate fractions were then pooled and dialysed overnight in IEX3 
buffer. 
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2.5.3.4 Mono Q 
SP Sepharose FPLC was perfon-ned using a 0.9 mL Mono Q HR 515 
chromatography column (Amersham Biosciences) and consisted of equilibrating 
the column with 5 CV IEX3, injecting the filtered dialysed sample, 10 CV 
equilibration with IEX3, a 30 CV linear gradient (0-30% IEX4 buffer B) and a5 
CV column clean (100% SP Sepharose buffer B). The flow-rate was I mL min-' 
and the fraction size was 1.8 mL. The appropriate fractions from both runs were 
then pooled and dialysed overnight in IEX3 buffer. 
2.5.4. Complexes of S3/T\4 and S3/M/R 
Complexes of SYM and S3/M/R were formed following the individual 
expression and purification of the subunits of the EcoR1241NT system, as 
described in sections 3.5 and 3.6. 
2.5.5 Preparative size exclusion chromatogrgphy 
Size exclusion chromatography of S 11, S3, M or SYM was performed using a 
Superdex 12 high resolution column and consisted of equilibrating the column 
with 1.5 CV IEXI before running the program, a further 0.01 CV equilibration, 
injecting the filtered sample (typically 200 ýtL) and a 1.5 CV elution step. The 
flow-rate was 0.4 mL min-' and the fraction size was 1.8 mL. The appropriate 
fractions were then pooled. 
2.5.6 Sample concentration 
Protein Samples could be concentrated using 2 mL and 20 mL Vivaspins 
(Sartorius group). However some loss of sample was evident, therefore two 
different types of concentrators by Millipore were used in later protein 
purifications and resulted in little loss of samples. For larger volumes, the 
Centricon Plus-70 (Millipore) was used and for smaller volumes up to 15 mL, 
Centriprep YM-30 centrifugal filter (Millipore) were used. Table 2.2, lists the 
type of concentrators used for each protein. 
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2.5.7 Protein storaize 
All proteins samples could be stored at 41C for at least two weeks. In the case of 
S 11, S3 and R, the proteins were able to be stored at -20'C in 50% glycerol for 
longer-term storage. Complexes of SYM and S3/M/R were prepared fresh prior 
to experiments as described in sections 3.5 and 3.6 
2.6 UV spectroscopy 
Calculation of DNA and protein concentrations was performed from UV 
absorption spectra obtained using I mL quartz cuvettes in a Perkin Elmer 
Instruments Lambda 25 UV-Vis Spectrometer scanning from 350 nm to 220 nm. 
2.6.1 DNA concentration 
A reasonable estimation of the DNA concentration is given by the approximation 
that for double-stranded DNA, an OD of 1.0 at 260 nm is equivalent to a 
concentration of 50 ýtg mL-1. However, this method assumes that there is no 
sequence-dependent change in DNA hyperchromicity. 
2.6.2 Protein concentration 
Protein concentration was estimated using Beer-Lambert's Law, OD = F-cl, where 
s= the molar extinction coefficient for the protein calculated using the 
ProtParam tool (Gill and von Hippel, 1989), c= the molarity and I= the path 
length of the cuvette in centimetres (usually I cm). 
2.7 DNA duplex formation and purification 
2.7.1 Duplex formation 
Approximately equimolar amounts of the synthetic complementary 
oligonucleotides were mixed together and heated to a temperature of 90'C for 10 
min in annealing buffer. The solution was cooled to approximately 20'C and 
orange G loading dye was added. The samples were then loaded onto a 16% 
native gel (section 2.2.3) and run for 3 hr to confirm the duplex had formed. 
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(A) 
Vivaspin (Sartorius) 
Sample MWCO (kDa) 
Sil 5 
S3 10 
M 30 
R 30 
S3/M 30 
S3/M/R 30 
(B) 
Millipore 
Sample Centricon Plus-70 
MWCO (kDa) 
Centriprep YM-30 centrifugal 
filter MWCO (kDa) 
Sil 3 3 
S3 10 10 
M 10 10 
R 30 30 
S3/M 30 30 
S3/M/R 30 30 
Table 2.2: Concentrators used for the concentration of samples of the 
EcoR1241NT system. (A) 2 mL and 20 mL Vivaspins (Sartorius) concentrators 
used (B) 75 mL Centricon Pl. us-70 (Millipore) and 15 mL Centriprep YM-30 
centrifugal filter (Millipore) concentrators used. 
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2.7.2 Ethanol precipitation 
Ethanol precipitation of DNA was carried out by the addition of 0.1 volumes of 3 
M sodium acetate pH 5.2 and 3 volumes of ice-cold absolute EtOH to the 
solution containing the target DNA following annealing. The solution was placed 
at -20'C overnight before the samples were centrifuged at 27,000 g, 4'C for 30 
min. The EtOH was aspirated from the tube and replaced with 1 mL 70% EtOH 
to remove contaminating salt from the DNA. The sample was centrifuged at 
16,000 g, 4'C for 30 min and the EtOH was again aspirated. The samples were 
then allowed to dry horizontally at 40'C in a heating block, resuspended in 
annealing buffer and the concentration estimated (section 2.6.1). 
2.8 Analytical ultracentrifugation (AUC) 
A Beckman Optima XL-A analytical ultracentrifuge (Beckman-Coulter, Palo 
Alto, CA, USA) was used for sedimentation equilibrium experiments. All 
measurements were recorded at 10'C for sedimentation velocity and 4'C or 
20'C for sedimentation equilibrium. The sedimentation equilibrium data was 
analysed using XL-A/XL-1 Data Analysis Software Version 6.03 (Beckman 
Coulter) within Origin 6.0 (Microcal Software, Inc. ). The sedimentation velocity 
data was analysed using Sedfit (Schuck et al., 2000). V values were corrected 
for temperature (table 2.3). Solvent density and viscosity values were calculated 
using Sednterp (Laue et al., 1992) and are shown in table 2.4. 
2.8.1 Protein sedimentation equilibrium 
The experiment was performed in six-channel cells of 12 mm optical path length, 
using 90 ýtL of sample at a range of protein concentrations. 100 ýIL of buffer was 
loaded into the corresponding control channel. The cells were loaded into an 
AN50-Ti analytical rotor, which had been left overnight at 4'C and transferred to 
the centrifuge, where it was left to equilibrate to the appropriate temperature. 
The rotor was accelerated to 3,000,6,5000,8,500,18,000 and 40,000 rpm and 
scans of absorbance versus radial displacement were taken at a resolution of 
0.001 cm at 0,15,18 and 21 hr. The wavelengths which were scanned at are 
described in section 5.3. 
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2.8.2 Protein sedimen ation veloci1y 
400 gL of sample and 425 ýtL of buffer were loaded into the corresponding 
sectors of a double sector cell of 12 mm optical path length. The cells were 
loaded into an AN50-Ti analytical rotor, which had been left overnight at 4'C 
and transferred to the centrifuge, where it was left to equilibrate to IO'C. The 
rotor was accelerated to 30,000 rpm and readings of absorbance versus radial 
distance were taken every 12 minutes at 280 nm. 
2.9 Dynamic light scattering 
Dynamic light scattering (DLS) was performed on a series of S 11, S3, M, R, 
S3/T\4 and S3/M/R concentrations at 4'C using a Protein Solutions DynaPro 
MSTC800 light scattering instrument. From the resulting hydrodynamic radius, 
Rh, an estimate of the molecular weight, M, of the protein was estimated using 
the empirical relationship for typical globular proteins: 
Mr ý (1.68 x Rh) 
2.34 
2.10 Small angle neutron scattering 
SANS experiments were carried out at ILL, Grenoble, France with the assistant 
of Dr Phil Callow. S3 was deuterated by first adapting BL21 (DE3) cells 
expressing the S3 subunit in pET-21a in minimal media. Good expression was 
achieved (70 mg from IL bacterial cells). The purification was essentially the 
same as for the protonated S3 subunit (see chapter 3). 
The methyltransferase and endonuclease were formed in a number of protonated 
and deuterated states; i. e. protonated S3 and M or deuterated S3 and protonated 
M for the methyltransferase and for the endonuclease, protonated S3, M and R 
subunits or deuterated S3 with protonated M and R. In order to have fully 
hydrogenated, deuterated or perdeuterated subunits and complexes in two 
different D20/1-120percentages (40 % and 100 % D20). samples that had been 
dialysed into buffer (IEX) containing either 0% or 100 % D20were mixed and 
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then left for a period of about 12 hours (table 2.5). Lyophilised DNA duplex was 
resuspended in an appropriate amount of 100 % D20 dialysis buffer and treated 
in the same way. 
Complexes of S3/M/R were formed by the addition of either ftilly protonated 
SYM or perdeuterated dS3/M. For the complexes in the presence of DNA, a 
concentrated 21.5 mM stock (to minimise the dilution of the complexes) of a 30 
mer DNA duplex (S3-30) containing the symmetrical recognition sequence 
(GAAN7TTC), was added and left to incubate at 4 'C for at least 30 minutes 
prior to the experiment being carried out. 
Firstly the beam centre was found so that all spectra could be aligned. An 
automated sample changer was loaded with either I mm or 2 mm pathlength 
quartz cuvettes holding either 400 ýtL or 200 ýtL of sample respectively. 
Measurements were carried out at 4 'C, using a thermostated water bath. 
Transmissions were measured for 10 minutes at distances of 2 and 8m for an 
empty cell, a standard containing water and the background. Scattering data was 
collected from a 96 x 96 cm detector with a pixel size of 7.5 x 7.5 mm 
Measurements were carried out for all experiments at a wavelength of 6 A. For 
cells containing sample, data was collected for a period of 30 minutes for each 
experiment. Measurements were carried out at 8m for the smaller angle 
measurements and at 2m for the larger angle measurements. 
2.11 Crystallisation trials 
The hanging drop and sitting drop vapour diffusion studies followed the methods 
of Davies and Segal (1971). The protein was buffer-exchanged into the crystal 
trials buffer. Hanging drop trays were set up at room temperature (20-25'C) with 
500 ýtL precipitant solution in the well and two drops of 2 ýtL each of the 
precipitant solution on a glass cover slip. Two 2 [tL drops, one containing 
protein, the other only consisting of the crystal trials buffer were then diluted into 
the drops of precipitant solution. The cover slips were inverted over the well 
containing the appropriate precipitant solution and sealed in place with vacuum 
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V values (mL/g) 
at T 
Sample 25 'C 20 'C 10 OC 4 'C 
Sil 0.7445 0.7423 0.7381 0.7356 
S3 0.7415 0.7394 0.7351 0.7326 
S3/M 0.7398 0.7377 0.7334 0.7309 
S3/M/R1 0.7370 0.7349 0.7307 0.7277 
S3/M/R2 0.7363 0.7341 0.7299 0.7273 
S3/M plus DNA 
(1: 1 molar ratio) 
0.7183 0.7162 0.7119 0.7093 
R 0.7344 0.7323 0.7280 0.7254 
Table 2.3: V values corrected for temperature. Values were calculated both 
using Sednterp, by entering, the theoretical M, and the calculated solvent density 
and viscosity for the appropriate buffer (table 2.4) and equation. The initial V at 
25 'C for S3M plus DNA was calculated using equation 14, before being 
corrected for temperature using equation 12, chapter 5. 
Solvent density, p (g/mL), Solvent viscosity, Tj (poise), 
at T= at T= 
Buffer 25 OC 20 OC 10 OC 4 OC 25 OC 20 OC 10 OC 4 OC 
10 mm 1.00263 1.00379 1.00530 1.00557 0.90199 1.0150 1.3241 1.5872 
sodium 
phosphate 
pH 8.0 
1EX1 1.00167 1.00283 1.00433 1.00461 0.90184 1.0148 1.3239 1.5870 
pH 8.0 
Table 2.4: Solvent density and viscosity values for each of the buffers used in 
sedimentation and sedimentation velocity experiments. The buffer density 
and viscosity values were also corrected for temperature using Sednterp, 
assuming water is the greatest component. 
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Volume (gL) of each sample / buffer 
used to obtain final D20% 
Dialysis 
Buffer 100% 40% 0% 
100 % D20 400 160 0 
100 % H20 0 ý40 400 
Table 2.5: Volumes of each sample / buffer that had been dialysed into a 
buffer containing either 0% or 100 % D20 used to form the various H20/ 
D20 contrasts. 
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grease. The trays were stored at 16'C and the results were visualised using a 
polarising light microscope with a mounted camera. 
2.12 Methylation assay 
2.12.1 Substrate j2reDaration 
The substrate for the methylation assay pUC I 19/EcoR 1 241NT was formed from 
pUC 119 EcoRl-, as described in section 4.2.2. For the large-scale plasmid 
preparation a HiSpeed TM Plasmid Maxi Kit (Qiagen) was used and the purified 
plasmid DNA was linearised with XmnI. The DNA concentration was measured 
by its UV absorbance spectrum at 260 mn. 
2.12.2 Assgy 
The methylation assay was set up by mixing the methylation buffer and protein 
before the addition of the linearised pUC119/EcoRI24INT to start the reaction. 
Samples were incubated at 37 'C. During time course experiments, 15 [tL 
aliquots were removed and heat inactivated at 65 'C for 20 minutes. After 
cooling on ice for 10 minutes each 15 [tL was challenged with 4 units of EcoRl 
restriction endonuclease and left to incubate for a further 60 minutes at 37 'C. 
The products of the reaction were run on a 0.8 % agarose gel. 
The OCR inhibition assay was carried out in the same way, except OCR was 
added at the appropriate molar ratio following addition of SYM to the DNA. 
2.12.3 Gel analysis 
The gel was digitally photographed using either the BioRad gel documentation 
system or the FujiFilm FLA-5000 phosphoimager and scanned using the Image 
Reader FLA-5000 version 3 programme before quantification using the Image 
Gauge version 4.2.1 programme (both part of the ScienceLab 2001 software 
package). The fluorescence settings used were the red filter (position 4) using 
the 532 nm green laser at 80OV, with the one laser / one image setting. 
54 
2.13 Restriction endonuclease assay 
2.13.1 Substrate preparation 
The substrates for the restriction endonuclease assays are described in table 4.2. 
For the large-scale plasmid preparation a HiSpeed TM Plasmid Maxi Kit (Qiagen) 
was used to purify the starting plasmid-DNA substrates, before linearisation if 
required with the appropriate Type 11 restriction endonuclease. The DNA 
concentration was measured by its UV absorbance spectrum at 260 mn. 
2.13.2 Assgy 
The restriction endonuclease assays were set up by mixing the appropriate buffer, 
firstly with SYM for 10 minutes at 37'C, before the addition of a 2: 1 molar ratio 
of R: S3/M (typically 200 nM to 10 nM) to form the S3/M/R complex, which was 
then left for a further 10 minutes at 37C. before the addition of the DNA 
substrate, in all cases at a final concentration of 10 n. M. The reactions were 
started with the addition of 2 mM ATP (or not for those reactions without ATP). 
Samples were incubated at 37 'C. During time course experiments, which were 
usually carried out 60 minutes, 15 [tL aliquots were removed and heat inactivated 
at 65 'C for 20 minutes. The products of the reaction were run on a 0.8 % 
agarose gel. 
2.13.3 Gel analysis 
The gel was digitally photographed using either the BioRad gel documentation 
system ensuring there were no saturated pixels. A graphical representation of 
each lane was produced by densitometry and exported in Excel. 
2.14 DNA Sequencing 
DNA sequencing was performed by Cytomyx or Lark Technologies using 
custom designed primers or their own stock primers. 
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Chapter 3 
Expression and purification of the EcoR124INTsystem 
3.1 Introduction 
The functional, biophysical and structural studies of the EcoR124INT system 
required the expression and purification of the subunits of this system and also of 
relevant complexes (SYM and S3/M/R). 
Previous work had developed purification strategies for the SII and S3 
fragments (Smith et al., 1998), as described in chapter 2. However a reliable 
purification strategy for the M and R subunits had to be developed. Following 
cloning of the R subunit, as a native, C- and N-terminal histidine tagged fusion 
protein, DNA sequencing revealed that there had been an error in the published 
DNA sequence (see section 3.3). Therefore, an alternative purification strategy 
was developed to express and purify protein from one of the original R clones 
(pBGSR124) that had previously proved problematic to purify (C. Dutta, 
personal communication). 
The new protocol for the purification of R (described in section 3.4) uses 
bacterial cell disruption by sonication and removal of nucleic acids using 
protamine sulphate, followed by a two-step procedure using both heparin and ion 
exchange (Mono Q chromatography). 
The new protocol for the purification of M used bacterial cell disruption by 
sonication and removal of nucleic acids using protamine sulphate salt, followed 
by chromatographic purification using a desalting column (described in section 
3.5). 
Following discussion of the purification of the individual domains and subunits 
of the EcoR1241NT system, the purification of the SYM and S3/M/R complexes 
is described (sections 3.6 and 3.7). Also described in this chapter is the 
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purification of the 30 bp DNA duplex, S3-30 (section 3.8), which was used for 
the biophysical and structural characterisation of the complexes of the 
EcoR124INTsystem in the presence of DNA. 
3.2 Cloning, expression and purification of the R subunit 
3.2.1 Introduction 
The aim of this work was to develop a new expression and purification protocol 
for R that would produce sufficient quantities of pure undegraded protein for 
further functional, biophysical and structural characterisation as part of the 
complex S3/M/R. 
3.2.2 PCR primer design 
Three primers were designed to allow the production of R in its native and C- 
and N-terminally His-tagged fusion protein forms. The forward primer RP I was 
used in all three polymerase chain reactions and contained the restriction site 
NdeI within a flexible tail region. Both reverse primers RP2 and RP3 contained 
the restriction site for Xhol (see figure 3.1). Using the primers RP I and RP2 
would allow the production of an N-terminal His-tagged fusion protein of R 
(PIP2) within the vector pET-28b(+). Native R can be produced by ligating 
PI P2 into pET-23b(+), as the stop codon at the end of the R gene would prevent 
transcription of the hexa-histidine tag. The primer RP3 was designed such that 
the R gene would lack the stop codon, allowing the addition of a C-terminal 
hexa-histidine tag (producing PCR product PI P3). 
3.2.3 Polymerase chain reaction 
The plasmid pCP1005 (Firman et al., 1985), which contains all three genes for 
the EcoR 1241 system (S, M and R), was used as the template for the polymerase 
chain reaction (PCR). PCR was performed as described in Materials and 
Methods (section 2.3.2) to amplify a3 101 bp PCR product containing the R 
gene. Vent polymerase was used for the extension reaction, as it possesses 3' to 
5' proofreading exonuclease activity. Aliquots of I ýiL and 5 ýiL were removed 
from the 50 pL PCR reaction and run on aI% agarose gel to confirm the correct 
size PCR product, by comparison with aI kb DNA ladder (figure 3.2). 
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RPI 
5'- GGATACA, CATATGACTCATCAGACACACACCATT -3' 
RP2 
5'- TTATTGAGAAGTTTAAAGGCGTAGCTCGAGACAGCC - 3' 
RP3 
5'- CGTTTATTGAGAAGTTTAAAGGCGCTCGAGACA GCC -3' 
mmillp. 
4ý 
pcpl005 
Figure 3.1: Primers used for the amplification of the R gene, to produce 
native R, or N- or C-terminal histidine-tagged fusion protein forms. In bold 
are the regions of the primers complementary to the R gene to be amplified, in 
italics are flexible regions required by the restriction enzymes (allowing an 
additional 7 bp for Ndel either side of its restriction site). The Ndel and Xhol 
restriction sites are underlined. RP3 lacked the stop codon at the end of the R 
gene for production of a C-terminal histidine-tagged fusion protein. Below in 
blue is pcpIO05 containing all three genes for EcoR1241 (in light blue, the R 
gene). The red arrow represents the forward primer RPI and the purple arrow, 
represents reverse primers RP2 or RP3. The green arrow, represents the start 
codon of the R gene. 
58 
Following amplification of the target gene, the TOPO TA Cloning kit 
(Invitrogen) was used to insert the Taq polymerase-amplified PCR products into 
the plasmid vector, pCR4-TOPO, using topoisomerase I from Vaccinia virus, as 
described in section 2.3.5. The products of this reaction were analysed by 
restriction digestion, to confirm the presence of the inserts (figure 3.3). This 
method thus eliminated the need for further PCR reactions, and provided a vector 
from which the R gene could be easily sub-cloned into other vectors should the 
need arise. 
3.2.4 Expression vector construct desiRn 
The TOPO clones containing the PCR products PIP2 and PIP3 were then gel 
purified and enzyme digested using Ndel and Xhol. The plasmids pET-23b(+) 
and pET-28b(+) were digested with the same enzymes and purified by gel 
extraction (figure 3.4). 
3.2.4.1 pET-23b(+) andpET-28b(+) 
The expression vectors pET-23b(+) and pET-28b(+) contain a DNA sequence 
encoding an N-terminal and C-terminal hexa-histidine tag, respectively. Thus 
the fusion tag allows the purification of the protein of interest by divalent metal 
chelate chromatography. Expression in both cases is under the control of the 
T71ac promoter. Both vectors contain multiple cloning sites (MCS), enabling 
recombinant screening using Type 11 restriction endonucleases. A thrombin 
cleavage site (arginine-glycine) is present between both the N and C-terminal 
hexa-histidine tags and the R protein, allowing the removal of the tag by 
thrombin digestion. 
3.2.5 Recombinant screeniniz 
Following transformation of selected colonies onto ampicillin (PET-23b) or 
(pET-28b) kanamycin plates, single colonies were picked and used to inoculate 
LB broth to produce recombinant plasmid-DNA stocks. These plasmid-DNA 
stocks were then screened by restriction digestion (figure 3.5). Digestion with 
Ndel and Xhol confirmed the presence of a 3101 bp fragment containing the R 
gene. A number of primers were then designed to allow verification of the 
correct sequence of the R gene (figure 3.6). 
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Target R gene 
(3101 bp) 
Figure 3.2: 1% agarose gel of the PCR products. M is aI kbp DNA ladder 
(NEB). Lanes I and 2 represent I [tL aliquots or the 50 ýtL PCR reaction; lanes 3 
and 4 represent 5 [tL aliquots from the same mixture. The length of the PCR 
products are shown by the side of the gel. 
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Ml 2 34 
pC R4-TOPO PI P2 pCR4-TOPO PI P2 pCR4-TOPO PI P3 
Figure 3.3: 1% agarose gel to show the uncut and Ndel/Xhol-digested 
recombinant plasmids obtained from kanamycin resistant clones (pCR4- 
TOPO) following transformation of JM109 competent cells. M is aI kbp 
DNA ladder (NEB). Lane 1, pCR4-TOPO plasmid-DNA containing PIP2 
linearised with Ndel, Xhol and both Ndel/XhoI shown in lanes 2-4 respectively. 
Lane 5, pCR4-TOPO plasmid-DNA containing PI P2 linearised with Ndel, Xhol 
and both Ndel/Xhol shown in lanes 6-8 respectively. Lane 9, pCR4-TOPO 
plasmid-DNA containing PIP3 linearised with Ndel, Xhol and both Ndel/Xhol 
shown in lanes 10-12 respectively. 
M1234 
5369 bp-----jo. 
3666 b 10 
3101bp 10 
Figure 3.4: 1% agarose gel showing the gel purified PCR products and 
digested plasmids ready for ligation. M denotes aI kbp DNA ladder (NEB); 
lane I is double digested pET-23b(+); lane 2 is double digested pET-28b(+); 
lanes 3 is double digested PCR product PIP2; lane 4 is double digested PCR 
product PI P3. 
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10 11 12 
pET-23b PI P2 pET-28bPIP2 pET-28bPIP2 pET-23bPIP3 
Figure 3.5: 1% agarose gel to show the uncut and Ndel/Xhol-digested 
recombinant plasmids obtained from ampicillin- and kan amycin -resistant 
clones (pET-28b(+) and pET-23b(+) respectively, following transformation 
into JM109 competent cells. M is a1 kbp DNA ladder (NEB). Lane 1, pET-23b 
plasmid DNA containing PIP2 linearised with Ndel, Xhol and both NdeI/Xhol 
shown in lanes 2-4 respectively. Lane 5, pET-28b plasmid-DNA containing PI P2 
linearised with Ndel, Xhol and both Ndel/Xhol shown in lanes 6-8 respectively. 
Lanes 9 pET-28b plasmid-DNA containing PI P2 linearised with Ndel, Xhol and 
both Ndel/Xhol lanes 10-12 respectively. Lane 13, pET-23b plasmid-DNA 
containing PIP3 linearised with Ndel, Xhol and both Ndel/XhoI shown in lanes 
14-16 respectively. 
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3.3 DNA sequencing of the R gene 
3.3.1 Introduction 
The sequencing of the cloned PCR products revealed that in contradiction to the 
published sequence of R (Price et al., 1989), there was an additional cytosine 
nucleotide at position 3064. 
In fact, sequencing of pCP1005 and pBGSR124 showed that the error arose in 
the sequence that was submitted to the database and not from a frame-shift 
mutation. Unfortunately, the reverse primer used in the amplification of 
pCP1005 contained this error such that all the resultant clones lacked the true 
stop codon. 
However, an initial test of expression showed high levels of R were produced of 
the correct apparent size, although the protein was insoluble following sonication 
(figure 3.9). Therefore, a stop codon was encountered close was encountered 
close to the end of the R sequence within the vector sequence. 
3.3.2 DNA sequencing analysis of pET-28bPIP2, pCP1005 and PBGSR124 
The entire R gene for the N-terminal hexa-histidine tag fusion protein pET- 
28bPIP2 was sequenced using primers listed in figure 3.6. Following alignment 
with the published sequence (Price et al., 1989), three mutations were evident 
(table 3.1). The complete DNA sequencing electropherograms are shown in 
appendix II. 
To confirm the presence of the first two mutations, pCP1005 was sequenced 
using primers RP I and RP7 in the forward direction. The mutation at nucleotide 
position 196, found in pET-28bPIP2 was not evident in pCP1005 (after DNA 
sequencing using primer RPI) due to poor sequence data (see appendix I figure 
1). Therefore re-sequencing of this region will be required in the reverse 
direction using a specifically designed primer. Sequence data obtained using 
RP7 confirmed that the point mutation present in pET-28bPIP2 (position 1996, 
thymine to cytosine) was probably due to a mutation caused by PCR (see 
appendix I figure 5). 
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Nucleotide position Amino acid position Amino acid change 
196 65 Glutamic acid to lysine 
1996 665 No change in amino acid 
3064 1022 Frame-shift until end of sequen 
Table 3.1: Mutation s/difference found by DNA sequencing of pET-28bP1P2 
compared to the published R sequence (Price et aL, 1989). 
RN 502 5'- AAACGCGGCGTGGCGATTCGT -3 
ý 522 
RP5 902 5'- GCGGTGGGTATATCTGGCACA -3' 
922 
RP6 1402 5'- CGTGACGAAAAAGTGCTCAAA -3' 
1422 
RP7 1802 5'-CCAGCGCAATGGACAGCAGTG-3' 1822 
RP8 2302 5'- AGTATTGAAAGTGAAAAAGAG -3 9 
2322 
RP9 264 5'- ATACTGCTCCGTGAAACGCCGCCA -3 
-) 240 
RPIO 3128 5'- ACGAATTGGGCTATATTTTTCCGC -3 
-) 3103 
Figure 3.6: Additional primers used for the DNA sequencing of the R gene. 
The primers RPI, RP2 and RP3 (figure 3.1), plus the stock primer T7 promoter 
and T7 terminator, were also used to sequence the start and end of the R gene. 
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DNA sequencing of pET-28bPIP2 detected a frame-shift from the additional 
cytosine at position 3064 (see appendix I figure 1). Both pCP1005 and 
pBGSR124, a derivative clone containing only the R gene (Janscak et al., 1996), 
also contained an additional cytosine (appendix I figures 2 and 3). Figure 3.7 
shows the effect that this has on the end of the R gene, and figure 3.8 shows the 
corrected amino acid sequence of the R subunit. The complete DNA sequencing 
electropherograms are shown in appendix Il. 
The DNA sequence beyond that of the currently accepted stop codon showed that 
pCP1005 and pBGSR124 contained the DNA sequence for the correct stop 
codon to be present in the translated R protein. However, since the correct R 
gene DNA sequence was not known in advance of designing the reverse primers 
RP2 and RP3, the PCR products amplified from pCP1005 did not contain the 
correct DNA sequence and hence the correct stop for the R gene. 
3.3.3 Comparative analysis of the corrected R gene sequence with other genomes 
A BLAST search of the corrected amino acid sequence found several Type I R- 
M system R subunits with homology greater than 90%: Actinobacillus 
pleuropneumoniae serovar I strain 4074; Haemophilus influenzae R2846, 
Photorhabdus luminescens subspecies laumondii TTOI; and Leptospira 
interrogans serovar Copenhageni strain, Fiocruz LI- 130. 
If the uncorrected, published R gene sequence is used instead, the only genomes 
found by a Blast search are EcoR1241 (accession number P10486), and the 3'- 
end of the R genes of EcoprrI and EcoDXX1 (accession number P77404, Tyndall 
1997). This suggests that the submitted C-terminal amino acid sequences of 
Ecoprrl and EcoDXXI were based on that of EcoR1241 and not on original 
sequencing data. 
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(A) 
3061 TTCAGAAAATCGTCTCGTTTATTGAGAAGTTTAAAGGCGTAG 3102 
AAGTCTTTTAGCAGAGCAAATAACTCTTCAAATTTCCGCATC 
1025 F--R--K--S--S--R--L--L--R--S--L--K--A--Stop 1034 
(B) 
Additional C nucleotide from published R Original position of stop codon 
sequence (Patel et al., 1989) 
3061 TTCCAGAAAATCGTCTCGTTTATTGAGAAGTTTAAAGGCGTAGGCGGAAAAATATAG 
3117 
1111111 HIM III Hill Hill 1111111111111111111111111 HIM 
AAGGTCTTTTAGCAGAGCAAATAACTCTTCAAATTTCCGCATCCGCCTTTTTATATC 
1039 
1025 F--Q--K--I--V--S--F--I--E--K--F--K--G--V--G--G--K--I--Stop 
Overall amino acid sequence change 
Published amino acid sequence 
Proposed amino acid sequence 
FRKSSRLLRSLKA STOP 
FQKIVSFIEKFKGVGGKI STOP 
t 
change from published sequence 
Figure 3.7: (A) Published R sequence. (B) Proposed R sequence. DNA 
sequencing revealed an error towards the C-terminus of the R subunit due to an 
omitted C nucleotide. This causes a frame-shift, thus altering the translated 
amino acid sequence and position of the stop codon. 
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MTHQTHTIAESNNFIVLDKYIKAEPTGDSYQSESDLERELIQDLRNQGYEFISV 
KSQSAMLANVREQLQNLNGVVFNDSEWRRFTEQYLDNPSDGILDKTRKIHIDYI 
CDFIFDDERLENIYLIDKKNLMRNKVQIIQQFEQAGSHANRYDVTILVNGLPLV 
QIELKKRGVAIREAFNQIHRYSKESFNSENSLFKYLQLFVISNGTDTRYFANTT 
KRDKNSFDFTMNWAKSDNTLIKDLKDFTATCFQKHTLLNVLVNYSVFDSSQTLL 
VMRPYQIAATERILWKIKSSFTAKNWSKPESGGYIWHTTGSGKTLTSFKAARLA 
TELDFIDKVFFVVDRKDLDYQTMKEYQRFSPDSVNGSENTAGLKRNLDKDDNKI 
IVTTIQKLNNLMKAESDLPVYNQQVVFIFDECHRSQFGEAQKNLKKKFKRYYQF 
GFTGTPIFPENALGSETTASVFGRELHSYVITDAIRDEKVLKFKVDYNDVRPQF 
KSLETETDEKKLSAAENQQAFLHPMRIQEITQYILNNFRQKTHRTFPGSKGFNA 
MLAVSSVDAAKAYYATFKRLQEEAANKSATYKPLRIATIFSFAANEEQNAIGEI 
SDETFDTSAMDSSAKEFLDAAIREYNSHFKTNFSTDSNGFQNYYRDLAQRVKNQ 
DIDLLIVVGMFLTGFDAPTLNTLFVDKNLRYHGLMQAFSRTNRIYDATKTFGNI 
VTFRDLERSTIDAITLFGDKNTKNVVLEKSYTEYMEGFTDAATGEAKRGFMTVV 
SELEQRFPDPTSIESEKEKKDFVKLFGEYLRAENILQNYDEFATLKALQQIDLS 
DPVAVEKFKAEHYVDDEKFAELQTIRLPADRKIQDYRSAYNDIRDWQRREKEAE 
KKEKSTTDWDDVVFEVDLLKSQEINLDYILGLIFEHNRQNKGKGEMIEEVKRLI 
RSSLGNRAKEGLVVDFIQQTNLDDLPDKASIIDAFFTFAQREQQREAEALIKEE 
NLNEDAAKRYIRTSLKREYATENGTELNETLPKLSPLNPQYKTKKQAVFQKIVS 
FIEKFKGVGGKI STOP 
Figure 3.8: Corrected amino acid sequence of the R subunit of EcoR1241. 
The figure shows the translated amino acid sequence to highlight 
mutations/differences in amino acid sequence. In red, the change in amino acid 
sequence from published sequence and in blue, no change in amino acid residue. 
The change in terms Of Mr (119655 Da to 120120 Da) and pI (6.23 to 5.95), 
however, is small. 
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Figure 3.9: SDS-PAGE of the pET-28bP1P2 R subunit. Lane MB is 
Benchmark TM protein ladder (Invitrogen); lane I the insoluble fraction following 
sonication; lane 2, the soluble fraction following sonication; lane 3 represents the 
flow through from aI mL HiTrap HP nickel column and lanes 4 to 8 are the 
fractions across the elution peak. 
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3.4 Purification of the R subunit (pBGSR124) 
Instead of repeating the cloning of R, it was decided to improve the current 
purification of the wild-type clone pBGSR124, or develop a new method. The 
previous method took several days to complete and often resulted in the 
degradation of the R subunit. 
The expression conditions were based on growth conditions used for the M 
subunit (see section 3.5). Cell lysis by sonication is described in section 2.5.3.1. 
Removal of contaminating nucleic acids by protamine sulphate was tested, which 
had been found to remove nucleic acids successfully for the M subunit (see 
section 3.5). Analysis by measuring absorbance at 260 nm showed that greater 
than 90% of contaminating nucleic acids could be removed by this method. 
Secondly, it was shown that there was no need for a high-speed 40000 g 
ultracentrifugation or a 70% ammonium sulphate precipitation, as no 
improvement in removal of contaminating proteins and nucleic acids was 
observed, although other bacterial cell components such as lipids, may be 
removed by these additional steps. AI mL HiTrap DEAE column was tried as 
the first chromatographic step, based on previous work (Zinkevich et al., 1997). 
However, this method failed, with the majority of R eluting in the flow through 
(figure 3.10). 
3.4.1 Heparin chromatography 
Purification using a heparin HiTrap column was then tested as an alternative. 
Four I mL HiTrap heparin columns were connected in series and equilibrated. 
Heparin chromatography can be used to purify DNA-binding proteins (Capila et 
al., 2002). The R subunit is capable of binding non-specifically to plasmid DNA 
at ýM concentrations (Zinkevich et al., 1997). The elution was performed as 
described in section 2.5.3.3. A typical elution profile and SDS-polyacrylamide 
gel is shown in figure 3.11. All of the target protein eluted from the column in 
about 400 mM NaCl. 
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3.4.2 Ion exchange chromatography 
An isoelectric point (pl) of 5.95 was estimated using the ExPaSy ProtParam tool, 
(Gasteiger et al., 2005). Therefore, equilibrating a 0.982 mL ion exchange Mono 
Q HR 5/5 chromatography column (Amersham Biosciences) in a buffer at pH 8.0 
will ensure that there will be a net negative charge on the R protein so that in 
theory, it will bind to a positively charged column, e. g. Mono Q. The 
appropriately pooled fractions following heparin were dialysed overnight into 10 
mM Tris-HCI pH 8.0,1 mM EDTA, 50 mM NaCI to decrease the concentration 
of NaCl, centrifuged at 10000 g for 20 minutes at 4 'C, and applied to the column 
at 1 mL/min. Once the protein had been loaded onto the column, the column was 
washed through with 10 mM Tris-HCI pH 8.0,1 mM EDTA, 50 mMNaCl. The 
* protein was eluted as described in section 2.5, at approximately 400 mM NaCl. 
* typical elution profile and SDS-polyacrylamide gel is shown in figure 3.12. 
All of the target protein bound to the column, as judged from the lack of R in the 
flow-through. 
The R subunit was judged to be greater than 95% in purity after this second 
chromatographic procedure and hence no further purification was needed before 
formation of an S3/M/R complex (see section 3.6). A representative UV 
spectrum of R is shown in figure 3.18 B. 
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MB L FT 160 170 180 190 200 210 220 230 240 250 
Illsollabb. - -- -3aý- 
Figure 3.10: 12.5 % SDS-PAGE of the elution profile from a DEAE 
Sepharose column. Following protamine sulphate precipitation, the sample was 
diluted to a NaCl concentration of 100 mM and loaded onto aI mL HiTrap 
DEAE FF column at I mUmin, collecting 1.8 mL size fractions. LaneMB is 
Benchmark TM protein ladder (Invitrogen). A 0.1 to 400 mM NaCl gradient over 
20 column volumes was used to elute R. The numbers over the gel correspond to 
the elution volume (mL). 
71 
(A) 
180 
160 
140 
120 
100 
C4 
80 
60 
40 
20 
0 
-20 
3n50 60 
io 
8D 
Elution volume (mL) 
(B) 
R 
160 
140 
120 
100 
90 
41 
80 
60 
40 
20 
0 
Figure 3.11: Heparin chromatography elution profile of the R subunit (A) 
and 12.5 % SDS-PAGE of the selected fractions (B). Following protamine 
sulphate precipitation, the sample was diluted to a NaCl concentration of 100 
mM and loaded (L) onto 4xI mL HiTrap heparin columns at I mUmin, 
collecting 1.8 mL fractions. FT signifies the flow through. R was eluted using a 
0.1 to 2M NaCl gradient over 15 column volumes. The numbers over the gel 
correspond to the elution volume (mL). Lane MB is Benchmark TM protein ladder 
(Invitrogen). In blue is the absorbance at 280 run, in red is the conductance in 
ms/cm 
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Figure 3.12: Mono Q chromatography elution profile of the R subunit and 
12.5 % SDS-PAGE of the selected fractions. Following heparin 
chromatography, the pooled fractions containing R were diluted to 100 mM NaCl 
and applied to aI mL Mono Q column at I mL/min, collecting 0.5 mL fractions. 
R was eluted using a 0.1 to 2M NaCl gradient over 15 column volumes. The 
numbers over the gel correspond to the elution volume (mL). LaneMB is 
Benchmark TM protein ladder (Invitrogen). Fractions 60.1 mL to 62.6 mL were 
pooled and used for formation of a S3/M/R complex (section 3.7). 
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3.5 Expression and purification of the M subunit (pUM120) 
3.5.1 Introduction 
The formation of a complex of S3/N4 and S3/M/R first required the expression 
and purification of S3, M and R, before reconstitution to form an active 
methyltransferase or restriction endonuclease. Previously, the purification of M 
had proved problematic in both the time involved for its purification and in its 
susceptibility to degradation. A new purification procedure was therefore 
developed to decrease the time needed to purify M and prevent degradation. 
3.5.2 Removal of contaminatin nucleic acids 
The published purification of M required the use of PEI-cellulose for the removal 
of DNA. Due to the low nucleic acid removal and loss of protein, an alternative 
strategy was employed. Various alternatives to PEI-cellulose were tested. These 
included PEI-600, hydroxyapatite and protamine sulphate. The first three 
alternatives were disregarded due to the inability to separate free protein from a 
complex of DNA and or PEI / hydroxyapatite, which formed a pellet following 
centrifugation. 
Protamine sulphate in the presence of 500 mM NaCl was found to remove > 90% 
DNA, and so was adopted as the standard way to remove contaminating nucleic 
acid before column chromatography. In contradiction to the published method, 
the ammonium sulphate resulted in no further purification of M and so was 
omitted. However this step was probably used to concentrate the sample. 
3.5.3 Desalting chromatogrgphy 
In order to remove the salt present following the protamine sulphate step, the 
sample was applied to a5 mL HiTrap desalting column (which contains 
SephadeXTm G-25 Superfine resin). However, it was discovered that the M 
subunit precipitated on the column. The majority of contaminating bacterial 
proteins eluted close to the void volume of the column, while M eluted with the 
NaCl (figure 3.13). It was later found that the level of purification achieved after 
this single chromatographic procedure was sufficient to form a complex with S3, 
i. e. SYM (see section 3.6). 
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Figure 3.13: Size exclusion chromatography elution profile of M and 12.5 % 
SDS-PAGE of the selected fractions. 1.5 mL of sample (after protamine 
sulphate precipitation) was loaded onto a5 mL HiTrap desalting column. The 
numbers over the gel correspond to the elution volume (mL). The 12.5 % SDS- 
PAGE shows the loaded sample (L) and eluted fractions from 4 to 14 mL. The 
majority of contaminating proteins eluted close to the void volume, whereas the 
M subunit and a small number of other proteins eluted at the same time as the 
NaCl. LaneMBis Benchmark TM protein ladder (Invitrogen). 
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3.6 Purification of the S3/M complex 
A complex of SYM was formed following purification of the individual subunits 
S3 and M. S3 and M were dialysed separately overnight in a buffer containing 
10 mM Tris-HCl pH 8.0,1 mM DTT and 100 mM NaCl, at 4 'C. It should be 
noted that following dialysis of M, some localised precipitation occurred. To 
remove this, both samples were centrifuged at 10000 g for 20 minutes, 4 'C. 
However, it was found that the precipitation was mainly due to the small amount 
of contaminating bacterial protein still present, as judged from SDS-PAGE (data 
not shown). 
It was also found that following elution of M and S3 from the HiTrap desalting 
and HiTrap HP nickel chelate columns, respectively, that the subunits could also 
be mixed directly at a 1: 1 molar ratio without prior dialysis. When left to 
incubate overnight at 4T with gentle mixing, no precipitation was observed, 
indicating that addition S3 helped to solublize the M subunit. 
To confirm the formation of the SYM complex, aI mL HiTrap heparin column 
was equilibrated in IEXI at I mUmin. The dialysed SYM complex was loaded 
at I mUmin. The column was washed through with 5 column volumes (CV) of 
lEXI and the SYM complex was eluted with a 0-100 % gradient of IEX2, 
collecting 1.8 mL fractions. The purified complex was found to elute at 
approximately 400 mM NaCl (figure 3.14 A). Eluted fractions were run on a 
12.5 % SDS-polyacrylamide gel and were shown to contain both the S3 and M 
subunits (figure 3.14 B). 
To confirm that there was no free S3 or M remaining in the eluted SYM 
complex, the pooled fractions were concentrated using a 30 mL, 30 kDa 
molecular weight cut-off (MWCO) Vivaspin and applied to a Superose 12 size 
exclusion column which had been equilibrated in IEXL A 200 ý11, sample was 
loaded onto a 24 mL Superose 12 gel filtration column equilibrated in IEXI pH 
8.0 at a flow rate of 0.4 mL/min, and 400 pL fractions were collected. The 
fractions were analysed by SDS-PAGE and this indicated that there was no free 
S3 or M present (data not shown). If not used immediately the SYM complex 
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Figure 3.14: Heparin chromatography elution profile of S3/M and 12.5 % 
SDS-PAGE of the selected fractions. Following overnight incubation of 
equimolar ratios of S3 and M at 4 'C, the sample was dialysed to a NaCI 
concentration of 100 mM and loaded onto aI mL HiTrap heparin column at I 
mL/min, collecting 1.8 mL fractions. SYM was eluted using a 0.1-2 M NaCl 
gradient over 15 column volumes. The numbers over the gel correspond to the 
elution volume (mL). LaneMBis Benchmark Tm Protein ladder (Invitrogen). 
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was stored at 40C and it was found to be stable for at least 3 months. A 
representative UV spectrum is shown in figure 3.18 A. 
3.7 Purification of the S3/M/R complex 
Following formation and purification of SYM, the R subunit was added at a 1: 1 
and 2: 1 molar ratio to form in theory, the R, and R2 restriction endonuclease 
complexes. The sample was then dialysed into a buffer containing 10 mM Tris- 
HCI pH 8.0,1 mM EDTA and 50 mM NaCl; DTT was not required. The sample 
of SYM and R was left at 4 'C for 30 minutes. No precipitation of either SYM 
or the R subunit was noticed following dialysis and centrifugation at 10000 g for 
20 minutes, 4 'C. 
To confirm the formation of the S3/NI/RI and S3/M/R2 complexes, aI mL 
HiTrap heparin column was equilibrated in IEXI at I mUmin. The dialysed and 
centrifuged samples were loaded at I mUmin. The column was washed through 
with 5 CV of IEXL Both complexes were eluted with a 0-100 % gradient of 
IEX2, collecting 0.5 mL fractions. Both the putative complexes of S3/M/Rl and 
S3/M/R2 eluted in a NaCl concentration of approximately 400 mM (figures 3.16 
and 3.17 respectively). Eluted fractions were run on a 12.5 % SDS- 
polyacrylamide gel and shown to contain both the S3, M and R subunit. 
However, it was not evident from analysis of the SDS- polyacrylamide gel 
whether there was a 2: 1: 1 molar ratio of R: M: S3. The actual stoichiometry was 
later confirmed by sedimentation equilibrium and sedimentation velocity 
experiments (section section 5.3). The elution profiles following injection of 
S3/N4/Rl and S3/MR2 are shown in figures 3.16 and 3.17, respectively, together 
with SDS-PAGE analysis of the fractions. Representative UV spectra of the 
S3/M/RI and S3/M/R2 complexes are shown in figure 3.15 B and C respectively. 
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Figure 3.15: Calculation of the concentration of S3/M, R, S3/M/R1 and 
S3/M/IR2. (A) SYM (B) In blue the R subunit; in red S3/M/R1 and in green 
S3/M/R2. The absorbance was measured in aI cm pathlength glass cuvette 
using an Applied Biosystems UV spectrophotometer. The absorbance from 350 
nm to 220 nm was auto-zeroed against the same cuvette containing only buffer. 
The concentration was then calculated using the extinction coefficient. All traces 
are of the complexes and the R subunit after their final purification step. 
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Figure 3.16: Heparin chromatography elution profile of S3/M/R1 and SDS- 
PAGE of the eluted fractions of S3/M/R1. Following overnight incubation of 
equimolar ratio of R to a prefonned SYM at 4 OC for 30 minutes, the sample was 
dialysed to a NaCl concentration of 50 mM and loaded onto aI mL HiTrap 
heparin column at I mL/min, collecting 0.5 mL fractions. S3/M/RI was eluted 
using a 0.1-2 M NaCl gradient over 15 column volumes. The numbers over the 
gel correspond to the elution volume (mL). Lane MB is Benchmark TM protein 
ladder (Invitrogen); L is the loaded fraction and FT is the flow-through. 
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Figure 3.17: Heparin chromatography elution profile of S3/M/R2 and SDS- 
PAGE of the eluted fractions of S3/M/R2. Following incubation of a 2: 1 ratio 
of R to a preformed SYM complex at 4 'C for 30 minutes, the sample was 
dialysed to a NaCl concentration of 50 mM and loaded onto aI mL HiTrap 
heparin column at I mUmin, collecting 0.5 mL fractions. S3/M/R2 was eluted 
using a 0.1-2 M NaCl gradient over 15 column volumes. The numbers over the 
gel correspond to the elution volume (mL). LaneMB is Benchmark TM protein 
ladder (Invitrogen) ); L is the loaded fraction and FT is the flow-through. 
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3.8 Purification of the 30 bp DNA duplex, S3-30 
The 30 bp double stranded DNA duplex, S3-30, was formed by annealing two 
complementary single stranded oligonucleotides, as described in section 2.7. 
The DNA duplex was then purified by gel filtration chromatography using a 
Superdex-75 HR 10/30 column, which had been equilibrated in annealing buffer. 
Figure 3.18 A indicates that there was only a single elution peak close to the void 
volume. To check that there were no free single-stranded oligonucleotides 
present, the eluted fractions, together with the single stranded oligonucleotides 
that were used to form the duplex, were run on a 16 % non-denaturing 
polyacrylamide gel (figure 3.18 B). This confirmed that there were no other 
contaminating nucleic acids present. 
Following gel filtration, the pooled eluted fractions containing S3-30 were 
desalted using a5 mL HiTrap desalting column, Iyophilised, and could be stored 
at -20 T. 
3.9 Discussion 
High levels of expression and purification of the subunits of the EcoR124INT 
system and of the complexes SYM and S3/M/R have now been achieved. Two 
new purification strategies have been developed, using the existing clones 
pUM120 (M) and pBGRS124 (R), which had both previously been difficult to 
purify following expression. A2L volume of bacterial cells would typically 
produce 10 mg of pure S3,10 mg of R and over 50 mg of the M subunit, 
allowing sufficient quantities of the SYM and S3/M/R complexes to be purified 
for functional, biophysical and structural characterisation (chapters 4 to 6). 
DNA sequencing of the pET-28bP I P2 N-terminal histidine-tagged fusion protein 
revealed that the published sequence of the R subunit from EcoR1241 was 
incorrect. An additional cytosine nucleotide had been omitted close to the 3' end 
of the DNA sequence, such that the published position of the stop codon was 
incorrect. Blast alignments with related R DNA sequences suggested that the 
modified sequence was more closely related to other Type I R-M systems. 
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Figure 3.18: Purification of the 30 bp DNA duplex, S3-30. (A) Purification 
of the dsDNA duplex using a Superdex 75 gel filtration 23.6 mL column. In blue 
is the absorbance at 280 nin; in green is the absorbance at 256 nin and in red, the 
conductance in mS. The elution volume was approximately 8.3 mL. (B) Lanes 
1-8 represent the 0.4 mL fractions taken through the elution peak on a 16 % non- 
denaturing polyacrylamide, Lanes 9 and 10, respectively, are the forward and 
reverse single-stranded oligonucleotides used in the annealing reaction to form 
the 30 bp DNA duplex. 
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In light of this information, the N-terminal His-tagged fusion protein of R 
contained a stop codon 13 amino acids into the pET-28b DNA sequence. Both 
the native and C-terminal His-tagged protein did not contain the correct stop 
codon. Hence this is a possible explanation for the insolubility of all three of 
these cloned proteins. 
However, it would be worth confirming this observation by DNA sequencing in 
the reverse direction using another specifically designed primer. This raises an 
additional question of how the hybrid R protein that combines parts of EcoR 1241 
and Ecoprrl (Permadam et al., 2004) was cloned, bearing in mind that the 
submitted sequences were incorrect. 
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Chapter 4 
Functional characterisation of EcoR124INTsystem 
4.1 Introduction 
The DNA binding site of SYM has already been investigated by electrophoretic 
mobility shift assays (EMSA) (Smith et al., 1998), and although the complex was 
found to bind to both the wild-type recognition sequence GAAN6RTCG and the 
symmetrical sequence GAAN7TTC, a 30-fold higher binding affinity for the 
symmetrical sequence was found. In order to investigate the methyltransferase 
and endonuclease activity in vitro, methylation of the symmetrical sequence by 
SYM and recognition of the symmetrical sequence by S3/M/R prior to DNA 
cleavage was investigated. 
As discussed in chapter 3, sufficient quantities of pure subunits of S3, M and R 
were produced to allow the functional characterisation of the complexes SYM 
and S3/M/R in vitro. 
Throughout this chapter, molar concentrations given are using a molar extinction 
coefficient for a hypothetical heterodimer of SYM, and this concentration was 
then used when forming a complex with the R subunit at a 1: 1 or 1: 2 molar ratio. 
4.1.1 Sample Preparation 
The SYM complex was formed by mixing equimolar ratios of S3 and M and 
incubating at VC for 30 minutes. The complex was then applied to a HiTrap 
heparin column (following dilution or dialysis to reduce the NaCl concentration), 
allowing elution at approximately 400 mM NaCl. No further purification was 
needed after this stage, apart from dialysis or dilution to decrease the 
concentration of NaCl. The endonuclease was formed by the addition of R to a 
preformed complex of SYM at a 2: 1 molar ratio, and incubated at 37C. The 
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ENase complex was then incubated at 3 7'C for 10 minutes prior to the addition 
of a DNA substrate and ATP to initiate the reactions (see section 4.3). 
4.2 Methylation Activity of EcoRl241NTMTase 
4.2.1 Introduction 
A methylation assay was developed in order to investigate S3/M 
methyltransferase activity. Initially, the incorporation of tritiated methyl groups 
donated from the cofactor 3 H-SAM (S-adenosylmethionine) was used. However, 
although this method indicated that methylation occurred, the results obtained 
were not reproducible (data not shown). Therefore, a methylation protection 
assay was developed. This assay monitors the amount of protection that 
methylation provides against cleavage by the Type 11 restriction endonuclease, 
EcoRl. The N7 spacer within the SYM recognition sequence can be manipulated 
to contain a TTC sequence next to the 5'-GAA section of the SYM recognition 
site, therefore forming an EcoRl recognition site (GAATTC). EcoRl will now 
recognise the DNA sequence and probe the second adenine for N6 methylation 
by SYM. 
The assay first required the production of a plasmid, pUC119/EcoRI24INT,, 
which was linearised following cleavage at position 1572 using XmnI (see figure 
4.1). The DNA substrate was incidentally found to contain an additional 
recognition site for EcoR124INT(at position 2740, see figure 4.1). However the 
methylation status of this site is not monitored in these experiments. 
4.2.2 CloningofpUC119/EcoR124INT 
To examine the activity of SYM, a 30 bp DNA duplex containing the recognition 
sequence GAATTCN4TTC (figure 4.1) was blunt end-ligated into the SmaI site 
of the plasmid pUC119 EcoRl-, which lacks any EcoRI sites (personal 
communication, C. Dutta). This duplex thus contains the recognition sequence 
for both SYM and EcoRl. This formed the plasmid pUC 119/ EcoRl 241NT(figure 
4.1). The orientation, correct number of inserts (i. e. one) and the lack of 
mutations were confirmed by DNA sequencing around the inserted sequence (see 
appendix 11). 
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SYM 
EcoRl 
CCGTGCA GAATTCGAGGTTC ACGGATCCGG 
GGCACGT CTTAAGCTCCAAG TGCCTAGGCC 
30 mer duplex (S3-30) 
/ 
Q--T 'ITl 
2d S3/M 
2740 
Figure 4.1: A diagrammatic representation of the ligation of S3-30 DNA 
duplex into pUC119EcoR1- to form pUC119/EcoR1241NT. The 30 bp duplex 
containing the SYM recognition site with an overlapping site for EcoRl was blunt 
end-ligated into pUC 119 EcoRI-, which had been linearised with Smal. In blue, the 
EcoRl restriction site introduced into pUC 119 EcoRl- (lacking any EcoRl site), and 
boxed in red, the recognition site for SYM. The green arrow represents ori (origin of 
replication). In bold, the specific bases which are recognised by SYM. The XmnI site 
used is also shown. 
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Ampicillin resistance 
4.2.3 Cofactor requirements of SYM and effect of NaCl 
Following methylation by SYM, the DNA was digested with EcoRl. Where 
there was no methylation, or at the start of the time courses, two fragments of 
1293 bp and 1834 bp in length were produced from the 3127 bp linearised DNA 
starting substrate. 
The effect of NaCl was investigated, since it has been shown to affect DNA- 
protein interactions (Stanford et al., 2000; Record et al., 1978). Time-course 
reactions were carried out in 0,10 and 100 mM NaCl (figures 4.4 to 4.5). In all 
cases, 100 nM SYM was incubated with 2.5 nM linearised pUC119/ 
EcoR1241NT, before being challenged with four units of EcoRI. 15 ýIL aliquots 
were taken every 5 minutes. Table 4.1 lists the components of the buffers used 
in the methylation protection assays. 
It was found that the presence Of MgC12 was required for activity of EcoRI 
(figure 4.2, lanes 7 and 8). Therefore, 10 MM MgC12 was added to the 
methylation mix following heat inactivation at 80 'C prior to challenging with 
EcoRI. 
The results suggest the NaCl concentration has little, if any, effect on the rate of 
methylation (figures 4.4 and 4.5). Time courses in which SYM was incubated 
with 10 mM NaCl in the presence and absence Of 10 MM MgCl2 showed no 
noticeable difference in the degree of methylation (figures 4AB and 4.5B). This 
suggests Mg 2+ ions are not required for methylation by SYM. 
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Lane 1 2 3 4 5 6 7 8 
SYM + + + + 
M9CI2 10 10 10 10 10 10 0 0 
0 0 10 10 100 100 1 100 100 
linear DNA (3127bp) 
digested 1834 bp 
digested 1293 bp 
Figure 4.2: Methylation protection assays. Reactions with and without S3/M 
were incubated overnight with pUC I 19/EcoR 1 241NTbefore being challenged with 
EcoRl for 60 minutes and run on a 1% agarose gel. M=I kb marker (Amersham 
Biosciences); lanes I and 2= with and without SYM, respectively (no NaCl); 
lanes 3 and 4= with 10 mM NaCl; lanes 5 and 6= with 100 mM NaCl; lanes 7 
and 8= with 100 mM NaCl (noMgC12). In all cases, the buffer contained 50 mM 
tris-HCI pH 8.0,200 nM SAM, I mM DTT and 10 MM MgC12 (except for lanes 
7 and 8). The required buffer was added prior to the addition of DNA and mixed 
with SYM. Concentrations given in the table above are in mM. The size of the 
two digested fragments and the starting size of the linear DNA-substrate are 
shown by the side of the gel. 
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Figure 4.3: Methylation protection time-courses. SYM was incubated with 
pUC119/EcoRI24INT before being challenged with EcoRl and run on a 1% 
agarose gel. In blue, without NaCl (buffer 1; for gel see figure 4.4A); in red, with 
10 mM NaCl (buffer 2; for gel see figure 4.413); in yellow, with 100 mM NaCl 
(buffer 3; for gel see figure 4.5A) in green, lacking magnesium, but with 10 mM 
NaCl (buffer 4; for gel see figure 4.513). 
Components of the buffer 
Buffer Tris-HCI pH 8.0 DTT SAM NaCl 
MgC12 
1 50 mM I mm 200 nM 10 mm 
2 50 mM I mm 200 nM lomm lomm 
3 50 mM I mm 200 nM 100 mm 10 mm 
F-4 50 mM I mm 200 nM lomm 
Table 4.1: Buffer components used in the methylation protection assays. 
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20 40 60 80 100 
Time (mins) 
(A) 
linear DNA 
(3 127bp) 
digested 
(1834 bp) 
digested 
(1293 bp) 
(B) 
linear DNA 
(3127bp) 
digested 
(1834 bp) 
digested 
(1293 bp) 
Figure 4.4: Methylation protection assay time-course in (A) the absence of 
NaCI (buffer 1) and (B) the presence of 10 mM NaCI (buffer 2). M=I kb 
marker (Amersham Biosciences); lane I= supercoiled pUC119/EcoRI24INT; 
lane 2= linearised pUC I 19/EcoRl 241NT; lane 3= linearised DNA followed by 
digestion with EcoRl; lane 4= heat killed S3/M incubated with linearised DNA 
followed by digestion with EcoRl; lane 5= linearised DNA challenged with 
EcoRl after incubation with heat killed SYM; lane 6= methylated linear DNA; 
lanes 7-18/21 = time course with aliquots taken every 10 mins followed by 
digestion with EcoRl. The size of the two digested fragments and the starting 
size of the linear DNA-substrate are shown by the side of the gel. 
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123456789 10 11 12 13 14 15 
(A) 
linear DNA 
(3127bp) 
digested 
(1834 bp) 
digested 
(1293 bp) 
(B) 
23456789 10 11 12 13 14 15 
linear DNA 
(3127bp) 
digested 
(1834 bp) 
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Figure 4.5: Methylation protection assay time-course in the presence of 
(A) 100 mM NaCl (buffer 3) and (B) in the absence of magnesium chloride 
(buffer 4). In both cases, M=I kb marker (Amersham Biosciences); lane I= 
supercoiled pUC I 19/EcoR 1 241NT; lane 2= linearised pUC I 19/EcoR 1 241NT; lane 
3= linearised DNA followed by digestion with EcoRl; lane 4= linearised DNA 
challenged with EcoRl after incubation with heat-killed SYM; lane 5= 
methylated linear DNA; lanes 6-19/27 = time course with aliquots taken 
every 10 mins, followed by digestion with EcoRl. The size of the two digested 
fragments and the starting size of the linear DNA-substrate are shown by the side 
of the gel. 
92 
6789 10 11 12 13 14 15 
4.3 Restriction endonuclease activity of S3/M/R 
4.3.1 Introduction 
The restriction endonuclease activity of S3/M/R was investigated. This involved 
the development of an assay to determine whether S3/M/R possessed restriction 
endonuclease activity. Following purification of the individual subunits a 
complex of S3/M/R was formed at a 1: 1: 1 ratio by incubation at 37 'C. 
Formation of the complex S3/M/R was suggested by all three subunits eluting as 
a single peak from a HiTrap heparin column (see section 3.7). 
4.3.2 Development of assU 
Bovine serum albumin (BSA) was observed to prevent star activity of EcoRl 
without having a detrimental effect on the activity of S3/M/R (data not shown). 
Indeed, prevention of star activity by the addition of BSA had previously been 
reported for Type II restriction endonucleases (Polisky et al., 1975; Modrich et 
al., 1982). In order for the assay to be monitored over a suitable period of time, 
it was necessary to use a twenty-fold excess of complex with respect to DNA. 
4.3.3 Cofactor requirements of S3/M/R 
The wild-type restriction endonuclease requires two, possibly three, cofactors: 
ATP, M902, and possibly SAM (Janscak et al., 1996). The requirement of these 
cofactors was investigated for the engineered endonuclease S3/M/R. 
In this assay, supercoiled pUC I 19/EcoRl- containing two recognition sites for 
S3/M/R was used. Since the two sites are separated by only 125 bases, cutting at 
one or both sites will not be distinguished, and a linear fragment of ca. 3000 bp 
will be the product. In both assays, shown in figure 4.6, S3/M/R was first 
formed by the addition of a 400 nM final concentration R to a 200 rLM final 
concentration of S3/M (which had previously been incubated at 37 'C for 10 
minutes in a buffer containing 10 mM tris-HCI pH 8.0,1 mM DTT). This 
represents a 1: 2 molar ratio of (S3/M)2 to R and a 20: 1 ratio of methyltransferase 
to DNA. 
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The reactions were started by the addition of 2 mM ATP. The assays were 
carried out in the absence and presence0f 10 MM M902 (figures 4.6 A and B 
respectively), with and without SAM, and incubated for I hour at 37 'C. In the 
absence of Mg 2+ ions (figure 4.6A), no cleavage took place. ATP and 
magnesium ions were found to be absolutely required for cleavage of both 
supercoiled and linear DNA, whilst SAM was not required. 
4.3.4 Number of recoanition sites 
4.3.4.1 Introduction 
The necessity for linear DNA to contain two recognition sites has been illustrated 
for the wild-type enzyme EcoR1241, where the recognition sites can be in 
repeated or inverted orientation (Szczelkun et al. ' 1997). It 
is not only Type I R- 
M systems that may require two sites for activity. Type 11 enzymes such as Sfil 
and BcgI require two recognition sites, which either help cooperatively or act as 
an allosteric effector (Halford et al., 1999; Bath et al., 2002). In this section, 
cleavage of linear and circular DNA containing two recognition sites was 
investigated to determine which DNA substrate S3/M/R cleaves more readily. 
4.3.4.2 Construction ofDNA substrates 
A number of DNA substrates were formed from the commercially available 
plasmid pTYB I and the pUC 119 EcoRl- (constructed by J. Patel) to create linear 
and circular DNA plasmids with one, two or three EcoR124INTsites (table 4.2). 
4.3.4.3 Results 
S3/M/R was incubated in the presence of linear or supercoiled DNA containing 
two or three recognition sites. The results suggest that S3/M/R has the ability to 
cleave both two-site circular and linear DNA substrates (figures 4.6 and 4.7). 
Table 4.3 shows a summary of the results obtained. 
4.3.4.4 Cleavage of two-site linear DNA 
Incubation of S3/M/R with a two-site linear DNA produced a smear (figure 4.7). 
When compared with two-site supercoiled DNA, the amount of cutting appeared 
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to be less due to a large quantity of starting linear DNA substrate remaining after 
the same 60-minute incubation period. 
When the two-site linear cleavage reaction is scanned by densitometry (figure 
4.8B), the linear DNA starting substrate of length 3127 bp is cleaved, resulting in 
a smear with an approximate size of I to 2 kbp. This smear could be explained 
by the following analysis. If S3/M/R cleaves approximately centrally between 
the two sites then two fragments of 1.7 Kbp and 1.4 Kbp ± 100 bp would be 
produced. 
4.3.4.5 Cleavage of two-site supercoiled DNA 
Incubation with two-site supercoiled DNA resulted in a discrete linear band and a 
further smear, as shown in figure 4.6 and detailed in table 4.3. The discrete 
linear band would be observed if S3/M/R is cutting each DNA substrate, even if 
the cleavage is random for each DNA substrate it encounters, since each 
singularly cut supercoiled DNA substrate would migrate by the same distance on 
an agarose gel. When the two-site supercoiled cleavage reaction is scanned by 
densitometry (figure 4.8A), a linear DNA cleavage product of approximate 
length 3 kbp is seen. However, as stated above, this does not necessarily mean 
cleavage occurs at the same site, because a single cleavage event occurring 
randomly on different substrates would all produce linear DNA. Due to an 
excess of S3/M/R to DNA, the data could not be fitted to a classical Michaelis- 
Menten model. 
4.3.4.6 Cleavage of three-site supercoiled DNA 
It also appears that the greater the number of recognition sites, the more 
extensive the cleavage pattern obtained is. With the same concentration of DNA 
and protein used for restriction assays performed on two site linear and 
supercoiled DNA, when S3/M/R is incubated with circular DNA containing three 
recognition sites, more extensive smearing is observed (figure 4.9). 
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PUC 119 
EcoRl- 
1168 
1293 
(A) 
L 
sc 
PUC 119 
EcoRI- 
4 
4 sc 
Figure 4.6: The effect of SAM and magnesium chloride on the cleavage of 
two-site supercoiled plasmid DNA by S3/M/R. A) Lane M=I kbp DNA 
ladder; lane I= supercoiled plasmid-DNA; lane 2= linearised DNA; lane 3= 
T equals 0 mins; lane 4= without SAM and lane 5= with SAM after I hour 
incubation with S3/M/R at 37 'C. B) Lanes are the same as (A), except the 
buffer contained 10 MM MgC12. L= linear DNA (cleavage product) and SC = 
supercoiled DNA (starting substrate). A concentration of 200 nM SYM and 
400 nM R was used, i. e. a 1: 2 molar ratio of SYM to R, incubated with 10 nM 
DNA (therefore a 20: 1 ratio of methyltransferase to DNA). 
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(B) 
Starting DNA Type 11 Topology Diagram of final DNA substrate 
substrate enzyme 
pUC119/EcoR124INT XmnI L 
3127 bp 
666 2740 
pUC119/EcoR124INT EcoRI L 
3127 bp 
F--W- 
666 2740 
pUC119 EcoRl XmnI L 
3127 bp 
71 
1168 1293 
pUC 119 EcoRI XmnI L 
3127 bp 
pTYB1 TfiI L 
7477 bp 
1983 
pUC119 EcoRl Sc 
3127 bp 
) 
1168 
1293 
pTYB1 Sc 
7477 bp 
1983 
Table 4.2: Construction of DNA substrates for S3/M/R ENase assays. The 
starting DNA substrates listed in column one were linearised, if necessary, with a 
Type 11 restriction endonuclease to create the linear DNA substrate. The diagrams 
show the starting position of the recognition site(s) represented by red arrow(s) and 
the length of DNA is shown in bp. 
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DNA substrate Topology No. of Additional Cleavage 
recognition buffer result 
sites components 
pUC119/EcoRI/S330 L 2 ATP and Some linear 
M902 DNA 
remaining 
and a smear 
pUC119 EcoRl Sc 2 ATP Discrete 
linear DNA 
band and a 
smear 
pUC119/EcoRI/S330 Sc 3 ATP and Discrete 
M902 linear DNA 
band and 
greater 
smear 
Table 4.3: A summary of the S3/M/R ENase assays using one- and two-site 
linear or supercoiled DNA substrates. L represents linear DNA and SC 
represents supercoiled DNA. In all cases, the concentrations of ATP and M9C12 
were 2 rnM and 10 rnM, respectively. In addition, all buffers contained 10 rnM 
Tris-HCI pH 8.0,10 mM NaCl and I mM DTT. 
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pUCI 19/EcoRI/S3-30 
(3127 bp) 
666 2740 
4- linear 
,,,; m en r 
Figure 4.7: S3/M/R incubated with linear DNA containing two S3/M/R 
sites in a buffer containing 2 mM ATP and 10 MM MgCl2. Lane M=I kbp 
DNA ladder. Lane I= linear DNA; lane 2= linearised DNA incubated with heat 
killed S3/M/R; lane 3=T equals 0 mins and lanes 4-9 = aliquots taken every 10 
minutes after incubation at 37 'C. A concentration of 200 rtm SYM and 400 nM 
R was used, i. e. a 1: 2 molar ratio of SYM to R, incubated with 10 nM DNA 
(therefore a 20: 1 ratio of methyltransferase to DNA). In this case, the buffer 
contained no SAM. Above the gel is a diagram used to represent the linearised 
DNA substrate, with the reaction product and starting linear DNA substrate 
labelled by the side of the gel. 
99 
M123456789 
(A) 
210 - 
190 - 
PUC 119 170 - EcoRl- 1168 
150 - 1293 
Gi 
Cý C) 130 - 
0-0 110 - 
ýc C) 4 Cý 
90 
70 
50 
0 0.2 0.4 0.6 0.8 1 
rf 
(B) 
300 
pUCI 19/EcoRI/S3-30 
(3127 bp) 
250 F-W O> -i 666 2740 
200 
150 z; V'ý* 
100 
- 
50 
0 0.2 0.4 
rf 
0.6 0.8 1 
Figure 4.8: Densitometry scans to show cleavage of plasmid DNA by 
S3/M/R. (A) S3/M/R incubated with circular DNA containing two S3/M/R sites. 
In tan, aI kbp DNA ladder (Amersham Biosciences); in blue, the circular DNA 
substrate, and in red, linear cleavage product and additional smear after 60 mins 
incubation at 37 'C. (B) S3/M/R incubated with linear DNA containing two 
S3/M/R sites. In tan, aI kbp DNA ladder, in blue, the linear DNA substrate, and 
in red, the original linear DNA with cleavage product after 60 mins incubation at 
37 OC. The buffer in both cases contained 2 mM ATP and 10 MM MgC'2. The 
size of the peaks (kbp) corresponding to the marker are shown. The DNA 
substrates used in both cases are shown as insets. 
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Figure 4.10, shows a diagrammatic representation of the cleavage pathway of a 
three-site supercoiled DNA substrate. This suggests that the on/off rate of DNA 
binding is relatively high, such that the S3/M/R endonuclease can bind one site, 
cleave the DNA and then either cleave the DNA again on the same substrate or 
bind to another site on another DNA substrate which has been cleaved, to 
undergo further cleavage. It should be noted that there is also a smear above and 
greater in size than that of the discrete linear band. Since the assay was carried 
out on a non-denaturing gel, i. e. in a similar way to an EMSA experiment, it may 
be that there are non-specific DNA-protein interactions retarding the migration of 
the DNA. The experiment has been repeated with SDS, which removes this 
smear (data not shown). These results described in sections 4.3.4.4 to 4.3.4.6, 
are therefore indicative of a pathway of DNA cleavage that can be represented as 
follows: 
k, k2 
supercoiled jo linear further cleavage of linear DNA 
DNA DNA 
4.4 Inhibition of methylation by ocr 
4.4.1 Introduction 
The ocr (overcome classical restriction) protein is a potent inhibitor of Type I 
Wases (Atanasiu et al., 2001). Its surface carboxyl groups are arranged to 
mimic the position of phosphate groups of B-form DNA. For this reason, 
inhibition of methylation by ocr was investigated. S3/M was incubated at 37'C 
with 10 mM linearised plasmid DNA containing two sites for SYM (PUC119 
EcoRI-) in the presence and absence of ocr which, when included in the reaction, 
was added last. After one hour, the reaction was challenged with EcoRI, to see 
whether methylation (protection from EcoRI) had been inhibited. 
4.4.2 Results 
At a 1: 1 molar ratio of SYM to ocr [based on concentrations of a ocr dimer and 
(S3/M)2 tetramer], a very clear inhibition by ocr was observed (figure 4.11). At a 
SYM to ocr molar ratio of 2: 1. i. e. a 40-fold excess of ocr to DNA, greater than 
95 % inhibition of methylation is seen (figure 4.12). 
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Figure 4.9: Cleavage of supercoiled plasmid DNA containing three 
recognition sites for S3/M/R. R at a concentration of 400 nM was incubated 
with 200 n1\4 SYM at 37 'C prior to the addition of 10 nM supercoiled DNA 
containing three sites for S3/M/R (Le. a 1: 2 molar ratio of SYM to R, incubated 
with 10 nM DNA therefore 20: 1 molar ratio of methyltransferase to DNA). The 
buffer contained 200 [tM AdoMet, 2 mM ATP, 50 mM tris-HCI pH 8.0,10 mM 
NaCl, 10 MM MgC12,, I mM DTT. Aliquots of 15 [d were taken every 15 
minutes and heat killed at 65 OC before loading onto a 0.8% agarose gel. M=I 
kbp DNA ladder (Amersham Biosciences); lane I= pUC119/EcoRI24INT 
supercoiled DNA; lane 2= DNA plus heat killed enzyme; lane 3= 
pUC I 19/EcoR 1 241NT linearised with Xmnl; lanes 4-10 are aliquots taken from T 
=0 min to T= 60 mins. 
S3/M/R 
-100. 
ATP, MgCl, ) 
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Figure 4.10: Representation of the cleavage of three-site supercoiled DNA. 
This shows the supercoiled DNA being linearised, followed by further cleavage 
to produce smaller fragments, observed as a smear (see figure 4.9). 
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Figure 4.11: (A) Inhibition of methylation by oer. M=I kbp DNA Ladder 
(NEB); lane I= pUC 119 EcoR I- plasmid; lane 2= linearised DNA; lanes 3-10 
are without ocr. Lanes II- 18 = S3/M: ocr at a 1: 1 molar ratio. In both cases, 
aliquots were taken every 10 minutes and challenged with EcoRl. (B) Enzyme 
progression curves for the time courses shown in (A). Shaded circles, % 
methylation by SYM; open circles, % methylation by SYM in the presence of 
ocr at a 1: 1 molar ratio. ocr was provided by Dr A. Sukhodub. 
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Figure 4.12: (A) Inhibition of methylation by ocr. M=I kbp DNA Ladder 
(NEB); lane I= pUC 119 EcoR 1- linearised plasmid DNA; lane 2= linearised 
DNA plus SYM; lane 3= linearised plasmid plus heat killed SYM; lane 4= 
linearised DNA plus ocr; lanes 5-11 = SYM without ocr; lanes 12-19 = 1: 1 molar 
ratio of SYM to ocr; lanes 20-27 = 1: 2 molar ratio of SYM to ocr. In all cases, 
aliquots were taken every 10 minutes and challenged with 4 units EcoRI. (B) 
Enzyme progression curve for the time courses shown in (A). Blue =% 
methylation by SYM without ocr; red =% methylation by SYM in the presence 
of ocr at 1: 1 molar ratio; green, at a 1: 2 molar ratio of SYM to ocr. ocr was 
provided by Dr A. Sukhodub. 
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With increasing ratios of ocr to SYM, a decrease in the amount of methylation 
occurs, due to the inhibition of SYM. Therefore, upon challenging with EcoRl, 
any unmethylated, hence unprotected, DNA (3127 bp) is susceptible to digestion, 
resulting in two DNA fragments (1834 bp and 1293 bp). However, when the 
DNA is fully methylated and thus protected from digestion by EcoRl, the two 
cleavage products are not observed. 
It is not possible to determine the stoichiometry of ocr to SYM using a 
Michaelis-Menten fit because of the ten-fold excess of methyltransferase 
required due to the slow rate of methylation, and the twenty-fold to forty-fold 
excess of ocr over DNA. 
4.5 Discussion 
The aim of the work in this chapter was to determine whether the SYM and 
S3/M/R complexes possess in vitro MTase and ENase. ocr was also tested for its 
ability to inhibit methylation by SYM, as has previously been shown for other 
Type I R-M systems (Mark et al., 1981; Bandyopadhyay et al., 1985). 
Abadj ieva et al. (1994) cloned a number of deletion mutants of S, two of which, 
SA3 (1 -232) and SA50 (1 -245), were then sub-cloned into pJS4M, replacing the 
wild-type S gene to co-express both subunits and form the mutant Wases or 
mutant ENases by the addition of the R subunit. It was found that theSA3MTase 
and ENase lacked any function in vivo, but theSA50MTase (which has identical 
specificity to SYM) had both a modification and restriction phenotype 
(Abadjieva et al., 1994; Abadjieva et al., 2003). An additional SAAM94) Wase 
lacked any Wase activity. Therefore it was deduced that the minimum 
requirement for Wase complex formation are amino acids 194 to 232, with 
amino acids 232-245 being necessary for ATPase activity. However, the results 
presented in this chapter contradict these earlier observations, although it should 
be noted that the experiments presented here were performed in vitro as opposed 
to in vivo. 
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S3 is composed of amino acids 1-215 of the intact S subunit. Therefore according 
to Abadjieva et al. (1994,2003), neither SYM nor S3/M/R should possess any 
activity. However, since S3 is known to form a complex with the M subunit, we 
now know that for binding to M the amino acids 194 and 215, and not 194-232 
of S is required. Furthermore, it is now known that S3/N4 is able to methylate its 
symmetrical recognition sequence in vitro, and S3/M/R has ENase activity in 
vitro. Therefore, we can conclude that no additional region of S is required for 
Wase or ENase activity. 
The SA3mutant contains the amino acids residues 1-232 of the wild-type HsdS 
subunit, and is insoluble without the M subunit. This also differs from S3, which 
is soluble in solution as a dimer (see section 5.3.3.3). Therefore, amino acid 
residues 216-232, which are present inSA3 subunit but not in S3, may be the 
cause of its insolubility. The formation of the ENase-active S3/M/R complex 
also shows that amino acids within S3 are sufficient for subunit assembly of the 
ENase by direct or indirect interactions with the R subunit, which also differs 
from earlier published work (Weiserova et al., 1998). 
Completion of the ENase assays is required to confirm whether there is a 
cleavage preference for either linear or supercoiled DNA containing one or two 
recognition sites, or what the differences in the rate of cleavage are. Varying the 
concentrations of Mg 2+ ions and SAM to determine their effect could also be 
investigated. 
It has previously been reported that the EcoR1241 R2 complex has restriction 
endonuclease activity in vitro, but only at protein to DNA ratios of above 4: 1, 
whereas the R, complex reaches saturation at a 1: 1 ratio of protein to DNA 
(Weiserova et al., 2000). In these experiments, it is difficult to conclude what 
the stoichiometry of S3/M/R is. 
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However, sedimentation equilibrium (SE) experiments carried out (chapter 5) 
concluded that at [tM concentrations (which are above those used in these 
experiments to confirm restriction endonuclease activity), only a R, complex 
with stoichiometry (S3/M)2R, was able to form and that there was no evidence 
for the formation of the R2complex (see section 5.3.3.6). 
However, it is possible that an R2 complex forms in the presence of DNA. 
Sedimentation velocity (SV) experiments could be used to confirm this theory. It 
has been reported, however, that in the absence of salt, the formation of the wild- 
type R2 complex is very slow, taking up to 24 hours to occur (Janscak et al., 
1998b). Therefore, the incubations times used to form the S3/M/R complex (i. e. 
10 mins at 3 7'C) may be insufficient to allow the formation of (S 3/M)2R2- 
Both EcoR1241, and now EcoR1241NT, show similar properties to Type III 
enzymes in absolutely requiring ATP and magnesium ions for endonuclease 
activity. Type III enzymes have been shown to require SAM and magnesium 
ions for cleavage, unlike all other Type I and Type IV enzymes (Jurenaite- 
Urbanaviciene et aL, 2001). 
The experiments carried out here could not be used to determine the number of 
dimers of ocr binding to the MTase. However experiments have been carried out 
with the Type IA enzyme M. EcoKI (Atanasiu et al. 2002). It was found that 
EcoKI interacts with ocr with a stoichiometry of one ocr dimer per MTase with 
stoichiometryM2S2. The same ratio is proposed for the interaction with the 
partially assembled or dissociated form MIS,. However, closer inspection of the 
published data obtained by measurement of the change in tryptophan anisotropy 
upon titration of ocr seems to suggest that both the assembled trimer and the 
MIS, complex require two dimers of ocr, and not one, before saturation is 
reached. A stoichiometry of two ocr dimers bound to both R. EcoKI and the R 
subunit alone was also found. It should be noted that when a section of B-DNA 
is superimposed onto an ocr dimer (8.5 nm), the length of DNA required is 24 
bp, or two to three turns, since B-DNA extends 3.4 nm every 10 bp (Walkinshaw 
et al., 2002). This is the approximate length for the DNA recognition site of 
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Type I enzymes. Therefore, two ocr dimers would not be able to fit within the 
recognition site. 
Sedimentation equilibrium (SE) and sedimentation velocity (SV) experiments 
could be performed to confirm the stoichiometry of ocr with the Wase S3/M- A 
similar decrease in the frictional ratio (as seen with SYM and DNA) would be 
indicative of a similar conformational change occurring in the presence of ocr. 
The results discussed in this chapter provide further evidence that ocr causes 
inhibition of Type I enzymes generally, and not just for EcoKl (Walkinshaw et 
al., 2002). The DNA binding site within the S subunit is the main common 
feature with other Type I methyltransferases. 
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Chapter 5 
Hydrodynamic Methods 
5.1 Introduction 
With the abundance of pure, soluble subunits of the EcoR1241NT system (see 
chapter 3), a range of biophysical techniques could now be carried out to further 
characterise the interaction of S3, M (HsdM) and R (HsdR). One of the major 
aims was to determine the overall stoichiometry of the SYM and S3/M/R 
complexes. Dynamic light scattering (DLS) was used prior to analytical 
ultracentrifugation (AUC) experiments, as a relatively simple method to monitor 
the condition of protein in terms of polydispersity and the presence of aggregates 
and precipitates and for estimation of hydrodynamic radii. 
With the aim of collecting a complete dataset, analytical ultracentrifugation of 
S 11, S3, M, R, SYM and S3/1\4/R and relevant complexes with DNA using the 
techniques of sedimentation equilibrium and sedimentation velocity were carried 
out. 
N. B. In all cases, a numerical subscript denoting a subunit within a complex 
indicates its stoichiometry e. g. (S3/M)2R,, whereas a standard font indicates the 
molar ratios of the subunits used with no assumptions as to the actual 
stoichiometry of the complexes formed e. g. S3/M/Rl. Where no number is 
given, it is assumed that the ratio of that subunit within a complex is 1: 1 or 1: 1: 1 
in the case of a three-component complex. Where the stoichiometry is not 
defined, a forward slash separates the names of subunits (e. g. S3/M/R). 
5.1.1 Sample Preparation 
In all experiments discussed in chapter 5, proteins and protein-DNA complexes 
were purified and formed as described in chapters 2 and 3. Briefly, following the 
individual purification of the native subunits S3, M and R, complexes of SYM 
and S3/M/Rl and S3/M/R2 were formed. By mixing equimolar ratios of S3 and 
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Ma complex of SYM was formed following incubation at 4 'C, for at least 30 
minutes. The diluted or dialysed complex (to decrease the NaCl concentration to 
100 mM) was then applied to a HiTrap heparin column, allowing elution of the 
complex in approximately 400 mM NaCl. The individual subunits and 
complexes were then dialysed into the appropriate buffer, in most cases, lEXI 
(10 mM Tris. HCl pH 8.0,100 mM NaCl and I mM EDTA) with or without 
DTT. 
In the same manner, R was added to a preformed complex of SYM (as 
mentioned above) at either a 1: 1 or 2: 1 ratio with respect to SYM, in order to 
form a potential R, or R2 endonuclease complex respectively. Again the 
complex was applied to a HiTrap heparin column, following dilution or dialysis, 
in this case to 50 mM NaCl, as both of these complexes elute in approximately 
150 mM NaCl. Again following elution as a single peak, the fractions were 
analysed by SDS-PAGE gel electrophoresis and dynamic light scattering for the 
presence of aggregates, the degree of polydispersity and more importantly to 
check for consistent hydrodynamic radii based on previous purifications of the 
relevant complexes. 
The S3-30 DNA duplex was formed as discussed in chapters 2 and 3. 
Confirmation of a double stranded DNA duplex was acquired by preparative gel 
filtration chromatography (Superdex-75) and acrylamide gel electrophoresis. 
The eluted fractions containing the DNA duplex were then Iyophilised following 
desalting into H20, using a HiTrap desalting column and stored at -20 'C until 
required. For the formation of protein-DNA complexes, an equimolar ratio of 
protein complex : DNA was mixed and left to incubate at 4 'C, for at least 30 
minutes. 
Confirmation of activity was confirmed by methylation protection assays in the 
case of SYM and endonuclease assays in the case of S3/M/R. 
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5.2 Dynamic light scattering 
5.2.1 Introduction 
Dynamic light scattering (DLS), also know as Photon Correlation Spectroscopy 
(PCS), is a relatively simple technique to measure the hydrodynamic radius of a 
sample. In addition the measured polydispersity can show the molecular mass 
NO distribution. From the hydrodynamic radius, the molecular mass and 
therefore stoichiometry of a multisubunit complex can be estimated, subject to 
certain assumptions (for example that the protein is globular). This technique 
can also allow one to look for the presence of aggregation, unfolding and 
refolding (Ullah et al., 2004) and solubility in varying buffers and thus can be 
used as a diagnostic tool in protein crystal growth (Wilson et al., 2003). 
By measuring the diffusion coefficient (D), the hydrodynamic radius (Rh) can be 
calculated from the Stokes-Einstein equation: 
Rh 
= 
kT 
(5.1) 
67ri7DO 
Where k is the Boltzmann constant, T is the temperature in Kelvin andTI is the 
solvent viscosity in poise. It is assumed that at the concentrations used, D ; tý Do, 
where Do, is the diffusion coefficient at zero concentration or infinite dilution. 
The empirical relationship for a typical globular protein (equation 5.2) can be 
used to estimate the M, in solution. 
M, = (1.68 x Rh) 
2.34 (5.2) 
The instrument used (DynaPro by Protein Solutions), measures fluctuations in 
the scattered light intensity at 90' to the incident laser light due to Brownian 
motion. These fluctuations are measured over time, and analysed by an 
autocorrelation function. 
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5.2.2 Results 
DLS measurements were carried out on unfiltered samples of SII (with and 
without his. tag), native S3, M, R, S3/N4 and S3/NI/R. The buffer used in all DLS 
experiments was lEXI at a temperature of 4 IC, where not stated. 
The measured hydrodynamic radius of SII with the histidine tag (his. tag) was 
10.83 nm (figure 5.1 A), with little polydispersity. Following thrombin digestion 
and removal of the His. tag, it decreased to 7.4 nm (figure 5.1 B), following the 
loss of 20 amino acids from the N-terminus (MGSSHHHHHHSSGLVPRGSH). 
The hydrodynamic radius of native S3 without the his. tag was 3.4 nm (figure 
5.2). This corresponds to an estimated M, of 58.2 kDa. This is reasonably close 
to the theoretical value of 49.4 kDa for a dimer. 
The hydrodynamic radius obtained for R was 4.2 nim (figure 5.3). The 
theoretical molecular mass for a monomer is 120 kDa. The molecular mass 
obtained from a standard curve using this hydrodynamic radius, was 95.1 kDa, 
suggesting that R is monomeric in solution. 
The hydrodynamic radius obtained for SYM, was 5.1 nm (figure 5.4). The 
estimated Mr obtained from the standard curve was 150 kDa (table 5.1). This 
suggests SYM exists as a heterotetramer of stoichiometry (S3/M)2, which would 
have a theoretical Mr of 165 kDa. 
For both S3/M/RI and S3/M/R2, similar hydrodynamic radii were obtained, 6.1 
nm and 6.2 nm respectively, to one decimal place (figures 5.5 A and B). The 
corresponding M, estimated using a standard curve was 231 kDa and 238 kDa. 
This therefore suggests that in both cases the stoichiometry is S3/M/Rj. There 
was no indication of a Rh of 4 nm component corresponding to excess R subunit, 
as one might expect for S3/M/R2, if only one R subunit was bound. However, 
the resolution of the DLS measurement might be insufficient to separate the two 
components. Alternatively, the assumption of globularity used in equation 5.2, 
may not be applicable, and more precise hydrodynamic analysis using AUC is 
required to be sure (see section 5.3.3). 
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A 
Sample Conc. 
( m) 
Rh 
(nm) 
Polydispersity Mr 
comp 
Mr 
exp 
Predicted 
stoichiometry 9 
(nm) . (kDa) 
. 
(kDa) 
S11+HT 28.00 10.83 0.00 0.0 34.4 887 a 
SII-HT 28.00 7.35 0.99 13.4 34.8 358 b 
S3-HT 20.00 3.38 0.68 20.2 49.4 58 (S3)2 
R 4.40 4.17 0.65 15.6 120.0 95 R 
S3/M 8.80 5.06 0.60 11.8 165.4 150 (S3/M)2 
S3/M/R1 1.46 6.13 0.85 14.1 285.4 231 (S3/M)2RI 
S3/M/R2 1.64 6.17 1.10 17.8 405.4 238 (S3/M)2RI 
Table 5.1: Summary of the hydrodynamic data acquired by dynamic light 
scattering. Rh is the hydrodynamic radius of the major component calculated by 
% massý Mr COMP. (composition), was calculated from the amino acid sequence 
of the subunits and complexes and the M, exp. (experimental), was calculated 
from equation 5.2. For a and b, the values Of Mr experimental for SII± his. tag, 
are too high to be trusted to predict the stoichiometry, please see sedimentation 
equilibrium experiments of native S 11 in section 5.3. 
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Figure 5.1: Dynamic light scattering of S11. (A), with the his. tag and (B), 
without the his. tag following thrombin digestion. Data were collected using a 28 
ýM concentration in both experiments. Both samples were purified on a 
Superose-12 gel filtration column. 
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Figure 5.3: Dynamic light scattering of the R subunit. Data were collected at 
a protein concentration of 4.4 ýM concentration in IEX3 without DTT at 
10 'C. 
The 2 ýM peak corresponding to very large contaminants has been removed. 
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Figure 5.4: Dynamic light scattering of the S3/M complex. Data were 
collected at a protein concentration of 8.8 ýM The peak corresponding to large 
aggregates has been removed. 
(B) 
Figure 5.5: Dynamic light scattering of the S3/M/R1 and S3/M/R2 
complexes. Data were collected at a protein concentration of 1.46 ýLM 
concentration of S3/M/RI (A) and a 1.64 ýM concentration of S3/M/R2 (B) at 10 
'C. Both were purified on a HiTrap heparin column and dialysed into in IEX3 
buffer with ImM DTT. For (A), the peak corresponding to large contaminants 
has been removed. 
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5.3 Analytical Ultra-centrifugation 
5.3.1 Introduction 
The Svedberg equation, relates the sedimentation coefficient, s, to the Mr and 
frictional coefficient, f, of a macromolecule. 
M, (I- V p)/NAf (5.3) 
where M, is the molecular mass, V is the partial specific volume (cm 3 /g) and p 
solvent density (g/cm 3) . 
The unit of s is seconds, and most are of the order 10-13, 
hence the value of s can be expressed in Svedbergs (S), i. e. I Svedberg = 10-13 
second. 
s can be measured from the rate of sedimentation of the boundary in a 
sedimentation velocity (SV) experiment: 
s= (Iho 2 r) dr/dt (5.4) 
The diffusion coefficient, D, is related to f (the measured frictional coefficient) 
by: 
D -- kT/f (5.5) 
D can be determined from the rate of diffusion of the boundary in a SV 
experiment (or can be measured by DLS). Thus, if s and D can be determined 
for each component, then M, can be found (assuming V can be calculated). The 
distribution of s-values, c(s), can be modelled using the program Sedfit, and the 
corresponding M, value, c(M) obtained. 
Another way of determining M, is to run the centrifuge at low speed, such that 
sedimentation is balanced by diffusion in the opposite direction (i. e. along the 
concentration gradient), when the net flow is zero. This is termed sedimentation 
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equilibrium (SE). Here the frictional coefficient cancels out and it can be shown 
that 
dlnc/dr2 = Mr. (I- V P). 02 /2RT (5.6) 
Where c is the concentration, R is the gas constant, T= temperature (Kelvin) and 
r is the distance from the centre of the rotor. 
Therefore for a single species, a plot of Inc versus r2 is a straight line, from which 
the M, can be obtained. In practise the M, is generally obtained by least squared 
fitting of the equation. 
The frictional coefficient of a hydrated protein molecule is 
f= 67cilo. Rh= kT/D (5.7) 
The frictional coefficient of a hypothetical sphere of the same volume is 
fo = 67rqo. Ro (5.8) 
where RO, is the hydrodynamic radius at zero concentration. The frictional ratio 
or Perrin factor,, F, can be determined by: 
F= f/fo (5.9) 
The closer the value to I for the frictional ratio, the more globular or spherical 
the protein is. The frictional ratio can then be related to the axial ratio from 
figure 5.6. Once the experimentally measured s-value has been converted to 
standard conditions (water at 20 'C) it can be compared to other S20, " values, 
calculated from crystal structures of similar proteins (see chapter 6). Ideally 
measurements should be extrapolated to zero concentration ON, "), but for 
complexes, this could lead to dissociation. 
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Figure 5.6: Values for frictional ratio (Vfo) for either prolate or oblate 
ellipsoids with varying axial ratios. In blue, frictional ratios for a prolate 
ellipsoid versus axial ratio and in red, frictional ratio values for an oblate 
ellipsoid. Only with axial values over 10, does a greater difference between the 
frictional ratios of either a prolate or oblate ellipsoid occur, such that it becomes 
possible to distinguish between the two different shapes. 
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The V for the protein DNA complex (VPD)was calculated using equation 5.10: 
VPDý VD+ Mr protein Vp-V D) (5.10) 
Mr complex 
Where (V p is the V of the protein, VD is the V of the DNA andVPD is V Of 
the complex SYM and duplex S3-30. V values were calculated from the amino 
acid sequence using the program Sednterp and using equation 5.11: 
VT= V25+ 4.25 X10-4 ( Temp. in 'C - 25 'C (5-11) 
The value which Sednterp displays in the V panel is the V at the temperature 
entered in the SE section of the program. The V is a measure of the change in 
volume (mL) of the solution per gram of solute. Calculating the V using this 
method gives errors of around I %, although it can be up to 3% for proteins with 
a non-globular structure or specific levels of hydration (Durchschlag, 1986 and 
Perkins, 1986). 
5.3.2 Data Analysis 
The partial specific volume and buoyant density and viscosity, were calculated 
using the Sednterp software and then corrected to the experimental temperatures 
used e. g. 4 'C, 10 'C and 20 'C (tables 2.3 and 2.4). Sedimentation equilibrium 
data analysis, using both a single ideal species model and self-association model, 
were carried out using the XL-A/XL-I Data Analysis Software Version 6.03 
(Beckman Coulter) within Origin 6.0 (Microcal Software, Inc. ). Meniscus 
depletion values were taken after a 40 k rpm overnight spin and used as the 
baseline offsets to allow for buffer absorption within the calculations. 
Sedimentation velocity analysis was carried out using the program Sedfit 
(Schuck 2000). 
120 
5.3.3 Sedimentation eq 
- 
uilibrium 
Sedimentation equilibrium analysis was performed using a Beckman Optima 
XL-A analytical ultracentrifuge with absorbance scanning. The cells were loaded 
with 100 ýtL of sample in the optical density range at 280 nm of 0.5 to 1.0 
absorbance units. This dictated the concentration of protein that could be used in 
the experiment. The absorbance was measured at either 280,292 or 295 nm 
(depending on the concentration of the protein). 
All measurements were carried out at 4 'C (and in addition 20 'C for S 11) at 
appropriate speeds (i. e. 6500,8500,10000,16000,18000 and 24000 rpm), 
depending on the expected size of the subunit or complex (based on the rotor 
speed calculation chart found within the manual accompanying the 
ultracentrifuge), at wavelengths of 250 nm and 276 nm (except for Sll, where 
scans were measured at 280 nm, 292 nm and 295 nrn) in a buffer containing 10 
mM Tris. HCl pH 8.0,100 mM NaCl, I mM EDTA and 1 mM DTT (expect for 
S 11, where the buffers used are listed in table 5.3). 
5.3.3.1 SE of the S31M complex 
In the case of SYM, sedimentation equilibrium was judged to have occurred by 
overlaying and comparing scans taken at the same wavelength after 15,18 and 
21 hours (see figure 5.7). After 21 hours, since there was little difference 
between individual scans, equilibrium had occurred. This process was also 
repeated for all experiments (5.3.3.2 to 5.3.3.6). Good fits were obtained as 
noted from the random distribution of the residuals about zero (a representative 
fit is shown in figures 5.8 using a single ideal species model). The data for 
SYM, globally fitted to a single ideal species model, from experiments carried 
out at 6500 rpm and 8500 rpm, yielded an apparent M, of 163 kDa (in the 
presence of 1 mM DTT). This value suggest SYM exists as a heterotetramer 
in 
solution with stoichiometry (S3/M)2, within the concentration range of 2.5 to 
8.8 
ýLm. 
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5.3.3.2 SE of native SI I 
SE experiments were carried out on native S 11. No significant difference was 
found with and without 10 mM DTT, or over a range of concentrations from 0.25 
to 1.0 mg/ml, temperatures (4 'C and 20 'C) and rotor speeds (16,000 rpm and 
24,000 rpm) (see table 5.3). A global fit of the data, using a single ideal species 
model, yielded a M, corresponding to a tetramer of S 11 (34.5 kDa ± 1.4 kDa). 
An example of a fit is shown in figure 5.9. These results are very different to 
those obtained by dynamic light scattering (35.8 kDa, see section 5.2.2), which is 
only able to estimate the M, of SII based on calculations for a globular protein. 
This shows the serious limitations of DLS for M, estimation. 
5.3.3.3 SE of native S3 
Fitting the sedimentation equilibrium data for native S3, from experiments 
carried out at 18000 rpm, without the his. tag, to a single ideal species model (a 
representative fit is shown in figure 5.10), confirmed the existence of a dimer, in 
the presence of 1 mM DTT as already published (Smith et. al., 2001). A 
molecular mass in solution of 46.5 kDa was obtained, which is in very good 
agreement with the theoretical molecular mass of a dimer of 2x 24.5 kDa (49.5 
kDa). 
5.3.3.4 SE of the M subunit 
SE experiments carried out at 10000 rpm of the M subunit, showed it exists as a 
dimer, in the presence of I mM DTT. Using the Optima XL-A software, the data 
were fitted to a single ideal species model, and yielded a M, of 109.6 kDa (a 
representative fit is shown in figure 5.11). This is slightly below that of the 
calculated M, for a dimer (2 x 58 kDa), which maybe due to slight 
degradation of 
the protein as noticed by SDS-PAGE gel electrophoresis, however, the 
M, 
obtained is within experimental errors. 
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5.3-3.4 SE of the R subunit 
Fitting the data for the R subunit to a single ideal single ideal species model, 
from experiments carried out at 6500 rpm, yielded a molecular mass of 102.3 
kDa in solution, in the presence of 1 mM DTT (a representative fit is shown in 
figure 5.12). This suggests R exists as a monomer in solution, although again as 
was the case for the analysis of M, this value is less than the theoretical value of 
120 kDa, possibly due to degradation of free R (Abadjieva et al., 2003), 
however, again the M, obtained is within experimental errors. 
5.3.3.5 SE of the S31MIRI and S31MIR2 complexes 
The fitted sedimentation equilibrium data of S3/M/Rl, using a single ideal 
species model, produced a M, of 283.4 kDa (in the presence of I mM DTT). 
This is close to a tetramer of stoichiometry (S3/M)2 as mentioned above, plus a 
monomer of R. Therefore this confirmed as expected, a stoichiometry of 
(S3/M)2R,. A representative fit is shown in figure 5.13. 
The analysis from global fitting of the data from S3/M/R2 (a representative fit is 
shown in figure 5.14), yielded a M, of 313.8 kDa from the single-ideal species 
model and 281.3 kDa from a self-association model (in the presence of I mM 
DTT). Therefore, it appears that either a R2 complex (in which two R subunits 
are bound to the methyltransferase) cannot be formed or more likely that it 
prefers to exist as a R, complex and only at much higher ratios of R to (S3/M)2 
does the R2complex form. 
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Sample Conc. 
M) 
Theoretical 
M, (kDa) 
Actual 
M, (kDa) 
Range 
(kDa) 
Calculated 
Stoichiometry 
Sil 58.0 8.6 34.5 +1.4 (SII)4 
S3 20.0 24.7 46.5 42.4-52.0 (S3)2 
M 1.5-4.6 58.0 109.6 94.2-111.1 (M)2 
R 1.1-4.4 120.0 102.3 93.9-113.0 R 
S3/M 2.5-8.8 165.4 162.1 154.6 - 169.5 
(S3/M)2 
S3/M/R1 2.5-8.8 285.4 283.4 267.4 - 303.3 
(S3/M)2RI 
S3/M/R2 12.5 - 8.8 405.4 281.2 272.3 - 308.2 
(S3/M)2R, 
Table 5.2: Summary of sedimentation equilibrium experiments carried out. 
The raw data were analysed using Optima TM XL-A software. Theoretical M, 
values for a single subunit by itself as a monomer or as part of a complex, V 
values and solvent density were calculated using the program Sednterp and 
corrected for temperature. Molar concentrations for S3/1\4/Rl and S3/M/R2 were 
based on that for the methyltransferase. The actual M, is from a global fit of the 
data, over all rotor speeds and concentrations used. 
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Figure 5.7: Sedimentation equilibrium overlays of the S3/M complex. Scans 
were taken at 0 (light blue), 15 (dark blue), 18 (green) and 21 (red) hours at 276 
nm, 6500 rpm, 4 'C. In black the meniscus depletion carried out at 40000 rpm for 
24 hours and again measured at 276 nm. 
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Figure 5.8: Sedimentation equilibrium of the S3/M complex. The data were 
fitted to a single ideal species model and yielded an apparent molecular mass of 
162.1 kDa. The top panel shows the residual error between the fitted and 
observed values. The above data were fitted from a run performed at 8500 rpm, 
scanned at 276 nm, at a protein concentration of 5 ýM 
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Figure 5.9. Sedimentation equilibrium of native S11. The above data were 
fitted to a single ideal species model, and yielded an apparent molecular mass 
34.9 kDa +/- 1.4 kDa. The fit in this case was obtained from a run carried out at 
24000 rpm, at 292 nm, 20 'C at 58 ýM in 10 mM NaP04pH 8.0. 
Buffer Mr (kDa) Range (kDa) 
100 mM NaCl, 10 mM NaP04pH 8.0 34.9 ±1.4 
100 mM NaCl, 10 mM NaP04pH 8.0,10 mM DTT 35.7 +0.2 
100 mM TNE, pH 8.0 36.4 ±1.6 
100 mM TNE, pH 8.0,10 mM DTT 35.1 ±1.3 
Table 5.3: A summary of the buffer conditions used for sedimentation 
equilibrium experiments of S11. All experiments were carried out at 292 nm, 
16 k rpm, 20 'C, at concentrations of 0.25,0.5 and 1.0 mg/mL. 
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Figure 5.10: Sedimentation equilibrium of native S3. The data were fitted to a 
single ideal species model and yielded an apparent molecular mass of 46.5 kDa. 
The top panel shows the residual error between the fitted and observed values. 
The data shown are from a run carried out at 18,000 rpm at a protein 
concentration of 20 ýM, scanning at 276 mn. 
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Figure 5.11: Sedimentation equilibrium of the M subunit. The data were 
fitted to a single ideal species model and yielded an apparent molecular mass of 
109.6 kDa. The top panel shows the residual error between the fitted and 
observed values. The above data were fitted from a run carried out at 18000 rpm, 
at a concentration of 4.6 ýLM, scanning at 276 mn. 
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Figure 5.12: Sedimentation equilibrium of the R subunit. The above data 
were fitted to a single ideal species model and yielded an apparent molecular 
mass of 102.3 kDa. The top panel shows the residual error between the fitted and 
observed values. The above data were fitted from a run at 8500 rpm at a protein 
concentration of 1.1 ýM, scanning at 276 nm. 
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Figure 5.13: Sedimentation equilibrium of the S3/M/R1 complex. The above 
data were fitted to a single ideal species model and yielded a Mr of 283.4 kDa. 
The top panel shows the residual error between the fitted and observed values. 
The data were fitted from a run performed at 6500 rpm at protein concentrations 
of 2.5 ýLM, based on the concentration of (S3/M)2, scanning at 276 nm. 
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Figure 5.14: Sedimentation equilibrium of the S3/M/R2 complex. The data 
were fitted to a single ideal species model and yielded an apparent Mr of 281.2 
kDa. The top panel shows the residual error between the fitted and observed 
values. The data were fitted from run carried out at 4500 rpm at a protein 
concentration of 4.8 ýM, based on that for (S3/M)2, scanning at 276 nm. 
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5.3.4 Sedimentation Velocijy 
Sedimentation velocity (SV) experiments were carried out on the S3, M and R 
proteins, in addition to the SYM complex by itself and in the presence of a 30- 
mer DNA duplex (S3-30), containing a symmetrical recognition site for SYM. 
SV analysis was carried out using the program Sedfit 
(www. anal3licalultracentrifu2ation. com), which describes the sedimentation data 
as a differential sedimentation coefficient distribution c(s). This can also be 
transformed into a molar mass distribution c(M) to provide Mr information of 
each of the species present and hence their stoichiometry. 
For all SV experiments, scans taken every 12 minutes, were measured at 280 nm 
at a rotor speed of 3 0000 rpm and temperature of 10 'C. The raw data obtained 
was analysed using the program Sedfit. 
5.3.4.1 SV of the R subunit 
Data for R surprisingly revealed two peaks (figure 5.15), the smaller of which is 
probably due to degradation of R and not contaminating bacterial proteins (as 
judged by SDS-PAGE, data not shown). The larger component had a s* of 4.8 S 
(and aS20, wof 6.42 S)and a corresponding 
M, of 115.5 kDa. This is in very close 
agreement with the theoretical M, of a monomer of 120 kDa. 
5.3.4.1 SV of the S31M complex 
For the methyltransferase only, two components were observed (figure 5.16), one 
with a s* of 2.45 S and a second component with a s* of 5.4 S (and a S20, w "f 7.01 
S), with a frictional ratio of 1.73. This larger component represents a tetramer of 
(S3/M)2, corresponding to a M, of 159.3 kDa, which is in close agreement with 
the theoretical M, for a tetramer of 165.7 kDa. The smaller species, which has a 
M, of 51.7 kDa, could correspond to either (S3)2 (49.4 kDa) or monomeric M 
(58 
kDa), or a mixture of the two. 
5.3.4.1 SV of the DNA duplex 
As expected, sedimentation velocity analysis revealed a single component 
for the 
DNA duplex, S3-30 (figure 5.17). The experimental molecular mass was found 
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to be 18.2 kDa (s* of 2.13 S and a S20, wof 2.88 S), which is very close to the 
theoretical value of 18.4 kDa. 
5.3.4.1 SV of the S31M DNA complex 
At the same concentration as SYM only (1.5 ýM), sedimentation velocity was 
carried out in the presence of DNA, at a 1: 1 molar ratio of protein: DNA. Again a 
smaller component was observed, in this case producing a s* of 2.18, but also a 
larger component with a s* of 6.64 or S20, wof 8.96 S (figure 5.18) was found. 
The latter, corresponds to a M, of 178.1 kDa. As already stated, the M, of DNA 
determined by sedimentation velocity is 18.2 kDa, therefore the smaller 
component may represent the free DNA. Since the absorption of DNA is far 
greater than protein at 280 nin, a small amount of DNA can produce a large 
absorbance at this wavelength. The M, of 178.1 kDa corresponds to that of a 
heterotetramer of (S3/M)2 bound to DNA at a 1: 1 ratio (159.3 kDa for (S3/M)2 + 
18.2 kDa for DNA). The calculated frictional ratio of the (S3/M)2,, in the 
presence of DNA is 1.35, as opposed to 1.73 for (S3/M)2 without DNA, 
suggesting a large conformational change upon binding DNA, i. e. a more 
compact shape. For example bovine serum albumin (66.5 kDa) has a frictional 
ratio of 1.3 1. while human fibrinogen (330 kDa) has a frictional ratio of 2.35. 
However the M, for what is thought to be the DNA is wrong as the analysis by 
the program Sedfit, uses a weight average frictional ratio in its calculations. 
Using the theoretical M, for the DNA duplex, S3-30 of 18.4 kDa, and the s* of 
2.18 produces a S20, w of 2.92 S and corresponding frictional ratio of 1.12, which is 
in close agreement with the value of 1.56 obtained for the SV experiment of the 
DNA duplex by itself. 
131 
m kr) clq kr) 
C: ) 
kf) 00 C14 kn 
U tri 06 
CJ 
00 
= ýj m C"; clý 1ý6 
rz 
uI 
---I ý, c C14 00 C) CIN 
cn 
00 00 
00 
C) kn kn kr) 
tr; 
kn 
I krý cl -; 
4 
0 
cli 
u ý 
"e ;. > ro .2 ce Mu +- Q) 2 
!Z 
wo CUUUe 
-, --q - -ý 
. m4 . _A 
ce (U u=. -. d 
90 EU -e -CJ tz, 
l= ., -q 0 
>- =u Q) -ci 
"= 
t 
+J Q) 
'90 . OM Q) ... 0 cu (X 
-ce m; **w Z "Ci rj eg .0= 
. r. LZ -c 
c> .=. om ce 
lw 
uv= -0 . -0 
0, eg -c 
ci = C. ) (L) 
90 =Z=u -- 45 45 - ý. th ZJ -w = ce 
0= V'ý -C3 1-. ' ej ce i-. r-, ýý ;2 m= 1, +.. ' 00 CA u 
CZ -0 *, 2 
ý ;. 4 
ýw =* C) ce E 
9.4 *EZ Q cu Q) C) 
W 4iý -lý -CJ lý +-ý rA .u --. ' ýc cu ;2 CA ;i' CD 
ce 
4-i 
zz; *jUu 
E--0 2, Zoý: v5 
132 
A 
0.8 
07 
06 
0 
0.4 
ýc 
0.1 
-0.05 
C 
D 
6.3 6.4 6.5 6.6 6.7 6.8 6.9 7 
i 
&--2.72 , S--4.8 
02468 10 12 
Sedimentation ooefficient (S) 
6.2 
0.000009 
0.000008 
0.000007 
0.000006 
0.000005 
0.000004 
0.000003 
0.000002 
0.000001 
0 
n nnnnnn 
0 50000 100000 150000 200000 250000 300000 350000 400000 
Molecular mass (Da) 
U. VV%JUVI-; 
0.000008 
0.000007 
0.000006 
0.000005 
Er 0.000004 
0.000003 
0.000002 
0.000001 
0 
Figure 5.15: Sedimentation velocity of the R subunit. (A) Data collected at a 
concentration of 3.4 ýM- (B) The residuals for the above fit. (C) and (D), 
respectively, the c(M) and c(S) distribution analysis plots. 
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Figure 5.16: Sedimentation velocity of the S3/M complex. (A) The data were 
collected at a concentration of 1.5 ýM concentration of S3M. (B) The residuals 
for the above fit. (C) and (D), respectively, the c(M) and c(S) distribution 
analysis plots. 
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Figure 5.17: Sedimentation velocity of the S3-30 DNA duplex. (A) Data 
collected at a concentration of 3.54 ýM (B) The residuals for the above fit. (C) 
and (D), respectively, the c(M) and c(S) distribution analysis plots. 
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Figure 5.18: Sedimentation velocity of the SYM complex in the presence of 
the S3-30 DNA duplex at a 1: 1 molar ratio. (A) Data collected at 1.5 ýM 
concentration (measured at 280 run) of S3M plus DNA at a 1: 1 molar ratio. (B) 
The residuals for the above fit. (C) and (D), respectively, the c(M) and c(S) 
distribution analysis plots. 
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5.4 Discussion 
The aim of this chapter was to provide accurate M, for the subunits and relevant 
complexes of the EcoR1241NT system in solution, in order to elucidate their 
stoichiometry. In addition the change in conformation occurring in the presence 
of DNA of relevant complexes was also investigated. Table 5.5 shows a 
summary of the Mr calculated for the subunits and relevant complexes of the 
EcoR124INTsystem, and their calculated stoichiometry in solution. 
5.4.1 Subunits and domains 
Previous analytical gel filtration data (Smith et aL, 2000) suggested a molecular 
mass for SII (essentially the central conserved domain of HsdS from EcoR 1241) 
much higher than expected. This indicates that SII was a very elongated, 
monomer or dimer, or more globular tetramer. This has now been resolved by 
sedimentation equilibrium experiments on S 11, showing it to exist as a 
homotetramer in solution, even in the presence of I mM DTT, with a 
stoichiometry deduced0f (S 104- 
The coiled coil structure of the central conserved domain of two related HsdS 
subunits, from Methanococcus jannaschii and Mycoplasma genitalium (Kim, et 
aL, 2005; Calisto et aL, 2005), found by x-ray crystallography, would at least 
explain how a dimer of SII is able to form. It is possible, in the case of SII that 
a dimer of dimers can fonn. For example, the hydrophobic patches of the central 
conserved domain that normally interact with the M subunit, might interact to 
form a tetramer. 
Dynamic light scattering Of native S3 produced a Rh of 3.4 nm which 
corresponds to a M, of 58.2 kDa, estimated from the standard curve. 
Sedimentation equilibrium of S3 confirmed the existence of a dimer in solution, 
with a calculated M, of 46.5 kDa (compared to a Mr of 24.7 kDa for a monomer 
of S3). This provided valuable information, in predicting the stoichiometry of 
complexes of the Wase and ENase. 
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Mr b technique kDa) Proposed Mr caic 
Sample DLS SE Sv Stoichiometry 
S11+HT 887 - - 
a - 
SII-HT 358 34.5 - 
(SII)4 34.8 
S3-HT 58 46.5 - (S3)2 49.4 
m - 109.6 - (A4)2 116.0 
R 95 102.3 115.5 R 120.0 
SYM 150 162.1 1593 (S3/M)2 165.7 
DNA - - 18.2 DNA 18.4 
S3/M plus DNA 
(1: 1 molar r 
- - 178.1 (S3/M)2DNA 184.1 
S3[M/RI 231 1 283.4 - 
(S3/M)2R, 285.4 
S3/NL/R2 238 1 281.2 - 
(S3/M)2R, 405.4 
Table 5.5: Summary of the M, obtained by DLS, SE and SV. Where a dash 
is given, the technique stated was not used. The proposed stoichiometry 
summarises the stoichiometry deducted, based on the M, observed. The 
theoretical M, of the predicted complexes are also given (Mý a1c r ). 
' the 
stoichiometry for SII with the his. tag is probably a homotetramer (SII)4, 
however this has not been proven conclusively experimentally. 
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Sedimentation equilibrium showed M to exist as a dimer in solution in the 
presence of I mM DTT, with a calculated M, of 109.6 kDa, which is within the 
experimental error for a theoretical M, of a dimer of 116 kDa. 
The R subunit (in the concentration range of 1.1 to 4.4 ýM) by DLS, SE and SV, 
was shown to be monomeric in solution. This result supports the evidence that in 
the formation of the wild-type endonuclease, R. EcoR1241, a very stable, 
although restriction deficient R, complex first forms (see section 5.3.1 dynamic 
light scattering of S3/M/R and 5.3.2, sedimentation equilibrium of S3/M/R), 
which then allows a second R subunit to bind, to form the fully functional 
restriction endonuclease, with a stoichiometry of R2M2SI (Janscak et aL, 1998b 
and Memagh et aL, 1998a). The fact that R is a monomer in solution supports 
the R subunit binding to the wild-type methyltransterase M. EcoR1241 one 
monomer at a time, rather than as a dimer. 
5.4.2 The Wase 
Dynamic light scattering of S3/M gave a hydrodynamic radius of 5.1 mn. This 
value is in close agreement to the hydrodynamic radius obtained by dynamic 
light scattering for the related methyltransferase M. Ahdl, where a Rh of 5.4 nm 
was found (Marks et aL, 2003) at a concentration of 4 ýtM. This suggests a 
similar arrangement of the subunits. 
S3/M was shown to exist as a tetramer in solution by sedimentation equilibrium, 
with an overall stoichiometry of (S3/M)2. This stoichiometry is therefore 
identical to the related methyltransferase M. Ahdl, which has been shown by 
AUC, to have the stoichiometry M2S2 (Marks et aL, 2003). The complex of 
S3/M after sedimentation velocity revealed the same stoichiometry as found by 
both DLS and SE, i. e. a heterotetramer of stoichiometry (S3/M)2- This suggests 
that at these concentrations (2.5 pM to 8.8 ýiM), we were above the Kd of 
dimerisation, which had previously been reported as 140 + 40 nM (Smith et aL, 
2001), although the latter was not a direct measurement of dimerisation, but 
based on fitting DNA binding curves to a model. It has already been proposed 
that the HsdS subunit of Ahdl is equivalent to one half of a Type I HsdS subunit 
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(Marks et aL, 2003), and therefore to one S3 subunit. The knowledge that 
(S3/M)2 shares this stoichiometry, supports the proposal that the organisation of 
M. AhdI is similar to the proposed circular arrangement for the classical Type IC 
methyltransferase EcoR1241. Indeed small-angle neutron scattering (SANS) data 
of M. AbdI (personal communication, G. Kneale) and of (S3/M)2 (see chapter 6) 
adds further support for this. 
The decrease in the frictional ratio of the methyltransferase upon DNA binding 
from 1.73 to 1.35, suggests a confonnational change, where there is an overall 
decrease in the dimension of the enzyme bound to DNA. A similar compaction 
has also been shown to occur by SANS for (S3/M)2 (see chapter 6) and 
previously for the wild-type methyltransferase EcoR1241 by small-angle X-ray 
scattering (Taylor et aL, 1994). 
5.9.3 The ENase 
Both DLS and SE (see table 5.5), produced very similar M, for both S3/M/RI 
and S3/MJR2, and gave very similar Rhvalues for both complexes by DLS (see 
table 5.1). This identical stoichiometry, even when a ratio of two R subunits to 
one (S 3/M)2 heterotetramer was added, showed that only a R, complex had 
formed and not an R2complex. 
Additional experiments should be carried out to see whether at higher 
concentrations of the R2 complex and/or at higher ratios of R to (S3/N4)2 the R2 
complex may form. Alternatively, electrophoretic mobility shift assays 
(EMSA), using increasing ratios of R to methyltransferase in the presence of S3- 
30 duplex DNA, would indicate if a larger R2complex is able to form. 
At the concentrations used, a R2 complex by sedimentation equilibrium or 
dynamic light scattering was not seen. Since each R monomer is likely to bind to 
(S3/M)2 with an equal affinity (i. e. a similar Kd), one would expect R to bind to 
each site equally. In M. EcoR1241, the binding of one R is very tight, with 
weaker and much slower binding of a second R subunit, at least in the absence of 
DNA (Janscak et aL, 1998). 
140 
In the case of EcoR1241, which lacks symmetry in the S submit, it is possible 
that the two R-binding sites have intrinsically different affinities. For 
EcoR124NT, however the enzyme is perfectly symmetrical and this explanation is 
therefore unlikely. Future experiments should be done to see if there is a slow R2 
binding event, as found for EcoR1241, and whether this becomes faster for the 
complex with DNA. 
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Chapter 6 
Structural characterisation 
6.1 Introduction 
Small angle neutron scattering (SANS) was carried out on both the individual 
components of the Wase and ENase, and on the multisubunit complexes in the 
presence and absence of a 30 bp DNA duplex, in order to elucidate more fully 
the structural change that takes place upon DNA binding. Finally, ab initio shape 
determination by dummy atom modelling allowed us to discover the change in 
subunit positioning upon DNA binding. 
Predictive structural modelling of the S subunits of EcoR1241NT and EcoR1241 
based on published crystal structures of a homologous S subunit were also 
undertaken. In addition hydrodynamic models of a number of crystal structures 
from Type IS subunits were carried out to calculate parameters that could be 
related to ones obtained for EcoRl241NT- 
Finally, attempts to crystallise S3 and S3/N4 in the presence and absence of a 30 
bp DNA duplex are also discussed. 
6.2 Small Angle Neutron Scattering (SANS) 
6.2.1 Introduction 
SANS experiments of the free subunits and complexes of the EcoR1241NTR-M 
system in the presence and absence of DNA were undertaken in collaboration 
with the Deuteration Laboratory of the Large Scale Structures Group at the 
Institut Laue-Langevin (ILL), Grenoble, France, using the D22 instrument. 
Small angle X-ray scattering (SAXS) has previously revealed a 60 A decrease in 
the overall dimensions of the wild-type M. EcoR1241 Wase upon DNA binding 
(Taylor et al., 1994). Therefore, SANS experiments were carried out in order to 
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determine the change in the positioning of the S3, M and R subunits as 
complexes of SYM and S3/M/R, upon binding to DNA. 
After the measurement of the scattering data, three parameters can be 
determined: the radius of gyration, Rgý Dmax5 the longest dimension of a particle 
and the pair distance distribution function, p(r), which describes the distribution 
of all inter-atomic distances in the particle. Together with specific deuteration 
and contrast variation, these structural parameters can also be obtained for 
individual subunits within the complexes. 
6.2.2 Sample preparation and experimental design 
In all experiments discussed in section 6.2, proteins and protein-DNA complexes 
were purified and formed as described in section 2.10. Table 6.1 lists a summary 
of the experiments carried out. 
6.2.3 Data correction and analysis 
The data were first corrected for sample transmission. Background scattering 
and scattering from the empty cell were subtracted from the radially-averaged 
sample data. These values were then divided by the scattering due to water and 
finally the scattering due to the cell containing only buffer was subtracted. The 
data was also normalised for concentration. At low angle, the isotropic scattering 
data can be expressed as the Guinier approximation: 
I(s) = 1(0) exp 1/3 R g2S2 (6.1) 
Where s, is the scattering vector (47csinO/X). The isotropic scattering intensity, 
I(s) or I(Q), can be transformed to give the pair distance distribution function, 
p(r). The radius of gyration is defined as the root-mean-square-distance of an 
array of atoms or groups from their common centre of gravity. By plotting a 
straight line through a Guinier plot, In 1(s) versus s2, the slope gives the radius of 
gyration. The Guinier region is the s (or Q) range in which the plot is valid. 
Signs of aggregation can also be detected from this plot. 
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Fully hydrogenated 
samples 
Protein conc. 
(mg mL-1) 
Pathlength 
(mm) 
% D20 
S3 4.7 2 100 
S3 0.6 2 100 
R 1.36 2 100 
m 4.22 2 100 
S3/M/R 1.05 2 100 
S3/M plus DNA 4.20 2 100 
S3/M/R plus DNA 1.03 2 100 
S3/M 2.11 1 100 
S3/M/R 1.05 1 100 
S3/M plus DNA 2.09 1 100 
S3/M/R plus DNA 1.03 1 100 
Samples with deuterated 
S3 
Protein conc. 
(mg mL-) 
Pathlength (mm) % D20 
dS3/M 1.44 2 100 
dS3/M 0.72 1 100 
dS31MR 1.05 1 100 
dS3/M plus DNA 2.09 1 100 
dS3/M/R plus DNA 1.03 1 100 
dS3/M 2.11 1 40 
dS3/M/R 1.05 1 40 
dS3/M plus DNA 2.09 1 40 
dS3/M/R plus DNA 1.03 1 40 
Buffers 
IEX1 N/A 2 100 
IEX1 N/A 1 100 
IEX1 N/A 1 40 
Table 6.1: Summary of SANS experiments carried out. All measurements 
were carried out at both 2m and 8 m, in either I or 2 mm pathlength cells, total 
volume either 400 ýtL or 200 ýtL, respectively. 
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6.2.4 Contrast Variation 
Contrast variation is accomplished by varying the percentage of H20/D20 in the 
buffer. Specific deuteration can also be used to highlight specific fragments or 
domains of a protein. In the following experiments, it is possible to 'contrast- 
match out' the deuterated S3 subunit if it is in 100% D20, and thus only measure 
the scattering from the M subunit within a complex of dS3pM. Alternatively, it is 
possible to measure the scattering due to S3 within a complex of SYM in 40% 
D20, due to the protonated M subunit being 'matched out'. Table 6.2 shows the 
scattering length densities of various components. 
6.3.5 SANS results 
Figures 6.1 and 6.2 show the scattering curves measured for the various 
complexes. Figures 6.3 and 6.4 show the corresponding p(r) functions, from 
which Dmax [when p(r) = 0] can be calculated. Table 6.3 summarises the radii of 
gyration (Rg) and Dmax for the data collected. The data obtained for 
measurements carried out in a 100% deuterated buffer for the fully protonated 
SYM complex and the selectively deuterated dS3pM gave Rg values of 56.3 A 
and 47.8 A. respectively. The value for the fully protonated complex is in very 
close agreement with the value of 56 A obtained for the wild-type Wase 
EcoR1241 by SAXS (Taylor et al., 1994). 
A noticeable decrease in the radius of gyration is seen with the addition of R to 
the fully protonated pS3/M complex in 100 % D20,, from 56.3 A to 42.0 A, and a 
ftirther decrease to 37.4 A is observed upon the addition of DNA. It appears that 
there are rearrangements of the subunits of the SYM complex upon addition of R 
to form the ENase prior to binding DNA. This could be due to ftu-ther 
compaction of the SYM 'core' through R stabilising the interaction between the 
S3 and M subunits. 
For the case of SYM, an overall decrease in Dmax of 50 A (from 195 A to 145 
A) 
is seen on binding DNA. This is comparable to the wild-type enzyme EcoR1241, 
where there is a decrease from 180 A to 112 
A, indicating that a similar structural 
re-arrangement is taking place. 
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Component p in H20 
(1010 CM -2 ) 
p in D20 
(10 10 CM -2) 
Match point in 
% D20 
H20 0.6 
D20 6.4 
50% sucrose 1.2 - 
Lipids 0.3 6.0 10-15% 
Proteins 1.8 3.1 40% 
Nucleic acids 3.7 4.8 70% 
Table 6.2: Neutron 
components. 
scattering length densities of various biological 
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A similar set of observations is seen when the same measurements are carried out 
with complexes containing deuterated S3 in 100% D20, Upon DNA binding, the 
radius of gyration of dS3/M decreases from 47.8 A to 32.1 A. The smaller radii 
of gyration in both cases are to be expected due to the change in the 'contrast- 
matched out' S3 subunit, i. e. only scattering from the M subunit ± DNA is 
recorded. This implies a major compaction of the M subunits when the Wase 
binds to DNA. 
No difference in either the radius of gyration or Dmax is seen with dS3/M in the 
presence or absence of DNA in 40% D20, when the M subunits are contrast 
matched out. This suggests that the S3 subunits do not change shape upon DNA 
binding and that the large compaction of the Wase following DNA binding is 
due only to movement of the M subunits. 
6.2.6 A initio modelling 
In order to create a model of SYM from the neutron scattering curves, the 
program DAMMIN (Svergun, 1999) was used. In this approach, a sphere of 
diameter equal to the maximum particle size is filled with M densely packed 
)3 ý small spheres or dummy atoms, where Mz (Dmax/ro ý5 103) . DAMMIN tries to 
find a compact dummy atom configuration that is compatible with the scattering 
curve, with a penalty for loose or disconnected configurations. 
The preliminary results from the ab initio modelling of SYM with and without 
the 30 bp DNA duplex containing the recognition sequence for SYM are shown 
in figure 6.5. Shown in green is the fully protonated S3/N4 complex in 100 D20-3 
which represents the whole complex. Shown in blue is the perdeuterated 
complex in 100% D20, where the S3 subunit was selectively deuterated. Thus in 
this case only the M subunit is "seen". The crystal structure for the S subunit of 
Methanococcusjannaschii (Kim et al., 2005) was superimposed onto the SYM 
model and to some extent fits well with the position of the S3 subunits. Upon 
DNA binding, there is a decrease in the Dmax from 200 A to 150 A. The model 
again illustrates the very large compaction of the SYM complex upon DNA 
binding. 
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Rg (A) D.,,,, (A) 
Protonated 
samples 
I % D20 -DNA + DNA - DNA + DNA 
S3/M 100 56.3 ± 1.2 49.1 ± 0.4 195 145 
S3/M/R 100 42.0 ± 1.7 37.4 ± 1.0 140 140 
Rg Dmax 
Deuterated 
samples 
I % D20 - DNA + DNA - DNA + DNA 
dS3/M 100 47.8 ± 1.9 32.1 ± 0.4 195 95 
dS3/M/R 100 37.8 ± 1.1 37.4 ± 1.0 140 140 
dS3/M 40 31.0 ± 1.1 33.3 ± 1.3 110 1101 
Table 6.3: Summary of the experimental radius of gyration (A) and D.,, x (A) 
values. Experiments were performed in the presence (+) and absence (-) of the 
DNA recognition sequence for EcoR 1 241NT- 
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Figure 6.1: SANS scattering curves for the fully protonated and 
perdeuterated SYM complex in the presence and absence of DNA. (A) with 
DNA and (B) without DNA. Both were measured in 40% and 100% D20. 
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Figure 6.2: SANS scattering curves for the fully protonated and 
perdeuterated S3/M/R complex in the presence and absence of DNA. (A) 
with DNA and (B) without DNA. Both were measured in 40% and 100% D20. 
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Figure 6.3: Distance distribution function of (A) the fully protonated SYM 
and S3/M/R complexes in 100% D20 and (B) perdeuterated SYM. Both are 
shown in the presence and absence of a 30mer DNA duplex containing the 
recognition sequence for SYM at a 1: 1 ratio. 
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Figure 6.4: Distance distribution function of perdeuterated SYM in 40% 
D20 in the presence and absence of a 30mer DNA duplex containing the 
recognition sequence for S3/M at a 1: 1 ratio. 
152 
C 
n. -0 
u 
$- U 
'-, rn 
mi ;.. 4 
ý: -0 
00 -Z, r. q V-ý 
CD CD 
ri 
CD 
CD 
cj 7: $ ýý 
cli 
0 ý3 
(: j ýi 
ei >ý Z = --4 (ýJ 
". ý -Z 
;m Eb ýn Z 1-. ý; 1 , 6w C) u > 
ýý -0 c :3 CD > 
. um 
< (A -a cu Z) u Im $»d 
E r. 
153 
6.3 Subunit homology and model prediction 
6.3.1 S subunit 
The programme JPred2 (Cuff et al., 1998) was used to predict the secondary 
structure of the S subunit of EcoR1241 (figure 6.6), which was found to be in 
close agreement with the secondary structure of the solved S subunit structure of 
Methanococcus jannaschii (Kim et al., 2005). Furthermore, a global pair-wise 
alignment shows there is some homology between the amino acid sequence of 
the S subunit from EcoR 1241 and that of the S subunit from M jannaschii, with 
an identity of 23% and a similarity of 40% (figure 6.7). 
Therefore a homology-based approach using the program SwissModel (Schwede 
et al., 2003) was used to predict the structure of the S subunits of EcoR1241, 
EcoR1241NT and AhdI based on the crystal structure of the S subunit of M 
jannaschii. However it failed to fully model these proteins (data not shown) 
although it did successfully predict their coiled-coil regions. 
However a complete model of the S subunit of EcoR1241 (figure 6.8A) was 
obtained using the program GeneSilico (Kurowski et al., 2003) and showed a 
similar structural arrangement to the solved S subunit structure of M jannaschii, 
which incidentally shows flexibility when the two subunits in the asymmetric 
unit (chains A and B) are overlaid (figure 6.8B). 
The web-based program QuickPhyre (Protein Homology/analogY Recognition 
Engine - Kelley et al., 2000) was used to find structurally related proteins. 
The 
coiled-coil structure was found to occur in many other proteins, for example the 
Pyrococcusfuriosus Rad50 ATPase domain (figure 6.8Q. 
Figure 6.9 shows a hydrodynamic model created using the program 
HYDROPRO (Garcia de la Torre et al., 2000) based on the crystal structure of 
the S subunit of M jannaschii. This allows the determination of theoretical 
values for the radius of gyration and the sedimentation coefficient. 
These values 
can then be compared to the experimental S20, w(obtained 
from 
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MSEMSYLEKLLDGVEVEWLPLGEITKYEQPTKYLVKAKDYHDTYTIPVLTAGKTFILGYTNETHGIYQA 
----------------- EEEE--EEEEE ----------------- EEEEE ----- E--EEE --- EEEEE 
SKAPVIIFDDFTTANKWVDFDFKAKSSAMKMVTSCDDNKTLLKYVYYWLNTLPSEFAEGDHKRQWISNY 
E --- EEEEE ------ EEEEEEEE ---- EEEEEEE ----- HHHHHHHHHHH ----- EEEE ---------- 
SQKKIPIPCPDNPEKSLAIQSEIVRILDKFTALTAELTAELNMRKKQYNYYRDQLLSFKEGEVEWKTLG 
---------------- HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH -------- EEEEEEE 
EIGKWYGGGTPSKNKIEFWENGSIPWISPKDMGRTLVDSSEDYITEEAVLHSSTKLIPANSIAIVVRSS 
EEEEEE ----------------- EEEEEE ------ EE ---------- HHHH --- EE ----- EEEEEE-- 
ILDKVLPSALIKVPATLNQDMKAVIPHENILVKYIYHMIGSRGSDILRAAKKTGGSVASIDSKKNYFHL 
--- E--EEEEE --- EEEE-EEEEEE ------ HHHHHHHHH--HHHHHHHHH ------------------ 
KIPVPNINEQQRIVEILDKFDTLTNSITEGLPREIELRQKQYEYYRDLLFSFPKPETVSN 
EE ---- HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH ---------- 
Figure 6.6: Secondary structure prediction of the S subunit of EcoR1241. 
The prediction was achieved using the JPred2 programme (Cuff et al., 1998). H 
= alpha helix, E= beta strand and C= coil. 
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analytical ultracentrifugation) and Rg (obtained from SANS) for other systems, 
such as EcoR 1 241NT- 
The model is initially built from the atomic coordinates, by replacing non- 
hydrogen atoms with spherical beads of fixed radius. The particle that is formed 
consists of overlapping spheres, which is then reproduced as a shell model. A 
value of 32.3 A was obtained for the radius of gyration for the crystal structure of 
the S subunit of M jannaschii. This corroborates the SANS results obtained for 
dS3pM in 40% D20, where the protonated M is 'contrast-matched out' and this 
Rg value of 31 A represents S3. The sedimentation coefficient of 3.3 S obtained 
by this method is also very similar to the experimental sedimentation coefficient 
of 3.42 S measured for S3 (Smith et al., 2001). 
This suggests, not only that the S3 dimer closely resembles the structure of the S 
subunit of M jannaschii, but that the structure of the S3 dimer does not change 
when forming the Wase. 
6.3.2 The M subunit 
The recently reported M subunit structure, pdb entry 2ARO (Rajashankar et al., 
to be published), has been solved to a resolution of 2.8 A (figure 6.11). Like the 
M subunit of EcoR1241NT (this thesis), it forms a dimer in solution. The dimer is 
mainly alpha helical, comprising 20 alpha helices but also twelve sheet regions. 
A global pair-wise alignment of the M subunits of EcoR1241 and EcoKI show 
that they share 20 % identity and 32 % similarity (figure 6.10). Based on the 
same approach for the S3 subunit, a hydrodynamic model of the crystal structure 
of the M subunit from EcoKl was constructed (figure 6.12). Values of 27 A for 
the radius of gyration, 35 A for the hydrodynamic radius and a S20, w of 4.04 S 
for a monomer of M were obtained by this method. However the program was 
unable to calculate these parameters for the dimer, and so cannot be compared 
with the experimental SANS and SV parameters. 
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Figure 6.7: A global pair-wise alignment of the S subunits of Methanococcus 
jannaschii and EcoR1241. Below in blue is the consensus sequence. In red, the 
conserved amino acid residues. 
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(A) 
(C) 
(B) 
Figure 6.8: (A) Predicted structure of the S subunit of EcoR1241. The models 
were obtained using GeneSilico, by comparison with the published structure of 
the S subunit of M jannaschii. (B) An overlay of each of monomer of the 
crystal structure of M. jannaschii. A ribbon diagram represents the tertiary 
structure. In blue, chain A, and in pink, chain B. (C) Crystal structure of the P. 
furiosus Rad50 ATPase domain (PDB entry 1118). The structure was found 
using the (-O, )TOME meta-server. 
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Figure 6.9: Hydrodynamic model of Methanococcus jannaschii (chain A, 
PDB 1YF2). The hydropro program (Garcia de la Torre et al., 2000) was used to 
calculate a primary hydrodynamic model using the published crystal structure of 
M jannaschii by the shell-model technique. Values for Rg (32 A) , Rh (3.5 
A 
andS20, w (3.3 S) were obtained by this method. 
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Figure 6.10: A global pair-wise amino acid alignment of the M subunits of 
EcoK1 and EcoR1241. Below in blue is the consensus sequence. In green, the 
conserved amino acid residues. 
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Figure 6.11: Crystal structure of the M subunit of the Type IA restriction 
enzyme EcoKI. (Rajashankar et al., to be published). 
Figure 6.12: Hydrodynamic model of a dimer of M of EcoKI (PDB 2ARO). 
The hydropro program (Garcia de la Torre et al., 2000) was used to calculate a 
primary hydrodynamic model using the crystal structure of the M subunit of 
EcoKI by the shell-model technique. 
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6.4 Crystal trials 
Previous attempts to crystallise S3 and S3/M using Hampton Crystal Screens I 
and 2 only produced precipitation. This screen is based on the sparse matrix, 
which varies salt, pH and precipitant (Lindwall et al., 2000). Based on the 
concentrations used it was decided to use a lower concentration of protein and 
instead try Structure screens I and 2 and Pact screens 1 and 2 (Molecular 
Dimensions) again by the hanging drop vapour diffusion method. However no 
suitable crystals were obtained for S3 or SYM with or without the 30 bp 
EcoR 1 241NT DNA sequence at concentrations up to 5 mg/mL. 
6.5 Discussion 
From the SANS data we have collected three parameters from the analysed 
scattering data, the radius of gyration (Rg), the overall length (D"'ax) and the 
distribution function p(r) for the complexes of the EcoR1241NT R-M system in 
the presence and absence of DNA. Furthermore, by ab initio modelling to the 
SANS data, the change in the positioning of the subunits of the relevant 
complexes upon DNA binding was also investigated. By creating hydrodynamic 
models of recently solved S and M subunits of type I R-M systems, parameters 
such as the sedimentation coefficient (S20, w), radius of gyration (Rg) and 
hydrodynamic radius (Rh) could then be compared to experimental values 
obtained by SANS and SV experiments for the EcoR124INTR-M system. 
6.5.1 Wase 
A Rg of 56 A was obtained for SYM, which is identical to that obtained for the 
wild-type Wase M. EcoR1241 by SAXS indicates both are adopting the same 
conformational arrangement, even though there is no covalent 
link between the 
TRDs in the case of S3. 
6.5.2 ENase 
Upon addition of the R subunit to SYM a decrease ftom 56 
A to 42 A occurred, 
suggesting further rearrangement of the complex prior to DNA 
binding. The M 
subunits appear to be more compact when R is bound, whether or not 
DNA is 
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present. To investigate this further, and separately observe the Rg's of the M, S3 
and R subunits, would require SANS experiments with additional combinations 
of deuterated/protonated subunits (e. g. addition of deuterated R to protonated 
SYM in 100 % D20)- 
6.5.3 DNA bindinR 
When measurements are carried out with S3/NI in the presence of its recognition 
sequence, the overall dimensions of the enzyme (Dmax) decrease from 200 A to 
150 A. This is comparable to the change measured by small angle X-ray 
scattering of M. EcoR1241, in which there was a decrease from 180 A to 112 A 
(Taylor et al., 1994). However it is notable that we do not see any change in Rg 
of the S3 subunit in 40 % D20, when we are effectively measuring scattering 
from S3, in the presence and absence of DNA. This indicates that once the M 
subunit is bound to the S3 subunit, S3 maintained in a rigid conformation 
through the stabilising interactions with the M subunit. The results imply that the 
large decrease in Rg we observe upon DNA binding of the MTase is solely due to 
a structural change in the M subunits. 
6.5.4 Hydrodynamic modelling 
Both the crystal structure and hydrodynamic models of the S subunit of M 
jannaschii (Kim et al., 2005) and the M subunit of EcoKI (Rajashankar et al., to 
be published) resemble the final models of S3 and M subunit of EcoR1241NT 
obtained by SANS. Indeed the parameters obtained for the S subunit of M 
jannaschii are in very close agreement with those measured for S3 ON, " = 3.3 S 
and 3.42 S respectively and Rg = 32.3 A and 31 A respectively). 
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Chapter 7 
Final discussion 
7.1 Conclusions 
The aim of this project was to produce a functional EcoR124INTR-M system so 
that biophysical and structural studies could be undertaken. The results obtained 
would allow comparison of EcoR124INTwith other systems such as the wild-type 
EcoR1241 R-M system and the AhdI R-M system. The subunit organisation of 
the M. Ahdl Wase resembles a Type I Wase yet the ENase R. Ahdl is a typical 
Type 11 ENase (Marks et al., 2003). 
S3 and SII were expressed and purified according to published methods (Smith 
et al., 1998). New purification methods were developed for the M and R 
subunits to decrease the purification time as to minimise the possibility of 
degradation. All proteins were purified in their native forms and found to form 
complexes of SYM and S3/M/R. 
EMSA assays have previously shown that (S3/M)2 is able to bind to a 30 bp 
duplex containing the symmetrical recognition sequence GAAN7TTC (Smith et 
al., 2001). Therefore this sequence was used throughout to study the DNA 
binding and functional activity of SYM and S3/M/R. The functional assays that 
were developed showed SYM to have methylation activity in vitro, requiring 
SAM only as a cofactor, and S3/M/R to have ENase activity in vitro that required 
ATP and Mg 2+ as cofactors but not SAM. A reaction pathway of supercoiled 
DNA to linear DNA to further cleavage of linear DNA was found with DNA 
substrates containing two recognition sites. The cleavage of the DNA substrate 
occurred approximately equi-distant between the two sites, but a broad 
distribution of sites was observed as is normally found for naturally occurring 
Type I enzymes (Szczelkun et al., 1997). The ocr (overcome classical restriction) 
protein was shown to cause almost complete inhibition of the Wase activity of 
SYM at a 2: 1 molar ratio of ocr to SYM. 
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Structural characterisation of the EcoR1241NT R-M system by dynamic light 
scattering (DLS), sedimentation equilibrium (SE) and sedimentation velocity 
(SV) showed SII to form a tetramer in solution. The M subunit was found to be 
dimeric in solution. The same stoichiometry has been found in the recently 
solved structure of the M subunit of EcoKl (Rajashankar et al., to be published). 
The stoichiometry of S3 was confirmed as being dimeric in solution (Smith et 
al., 2001). The Wase which was formed by combining the M and S3 subunits 
was found to exist as a heterotetramer with the stoichiometry (S3/M)2- 
The R subunit was found to be monomeric in solution. This suggests the R 
subunits bind to the wild-type Wase M. EcoR1241 one monomer at a time, 
rather than as a dimer. For the wild-type EcoR1241 system, the first R subunit 
binds to the Wase with a high affinity to form the restriction deficient R, 
complex. In contrast, binding of the second R subunit is much weaker such that 
the R2 complex readily dissociates into the R, complex and free R with a Kd Of 
-2.4 x 10-7 M (Janscak et al., 1998). However in the case of EcoR 1 241NT, that is 
symmetrical due to dimerisation of the S3, it would be thought that the R 
subunits would bind with equal affinities. Therefore, it was surprising that when 
the R subunit was added to the Wase to form the ENase, an R, complex and not 
an R2complex was found. 
Preliminary results by small angle neutron scattering (SANS) showed that the 56 
A radius of gyration obtained for the fully protonated (S3/1\4)2 complex was 
identical to that obtained by small angle X-ray scattering for the wild-type 
MTase M. EcoR1241 (Taylor et al., 1994). A change in shape of (S3/M)2 was 
found upon DNA binding, with an overall decrease in the dimensions of the 
enzyme from 195 A to 145 A and a decrease in the radius of gyration from 56 
A 
to 49 A. This decrease is comparable to the wild-type MTase. When 
measurements are taken for the deuterated (S3/M)2 complex in 40 % D20, i. e. the 
M subunits are contrast matched out, the Rg of the S3 subunits is essentially 
independent of DNA binding (31 A to 33 A). Whereas measurements carried out 
for the deuterated (S3/M)2 complex in 100 % D20, where the S3 subunits are 
contrast matched out, demonstrate a large decrease in the Rg decreases from 48 
A 
to 32 A in the presence of DNA. Therefore the rearrangement of the subunits is 
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due to compaction of the M subunits, with no significant change in the structure 
or organization of the S3 subunits. An ab initio model obtained using the 
program DAMMIN (Svergun et al., 1999) is presented to illustrate the structural 
change of (S3/M)2 upon DNA binding. The change in shape upon binding of 
(S3/M)2 to DNA is also supported by the SV experiments, whereby the frictional 
ratio of the Wase upon DNA binding decreased from 1.73 to 1.35, 
corresponding to a much more compact structure for the complex. 
Binding of the R subunit to (S31'1ý1)2 also revealed a structural change. A 
decrease in the radius of gyration from 56 A to 42 A was found for the fully 
protonated samples measured in 100 % D20(and 48A to 38A for the deuterated 
complex measured in 100 % D20), indicating a further compaction of the 
(S3/M)2 64core, )9. In addition the D,,, ax decreased from 195 A to 140 A in the 
presence of the R subunit. However no further change was observed upon DNA 
binding to S3/1\4/R. To confinn that the structural change was due to S3/M, 
further experiments would need to be carried out with deuterated R subunits with 
various combinations of deuterated and protonated subunits, it would be possible 
to determine which subunits were responsible for the observed structural change. 
The radius of gyration of deuterated S3 obtained from scattering data measured 
in 40 % D20 was in very close agreement with the value obtained by 
hydrodynamic modeling of the crystal structure of the S subunit of M jannaschii, 
indicating the S3 dimer adopts a similar structure to that of a standard S subunit. 
The S subunit of Ahdl comprises a single TRD, which recognises the 
trinucleotide half-site GAC. Therefore the S subunit of AhdI is equivalent to the 
S3 subunit which recognises the half site GAA. The stoichiometry of M. AhdI is 
M2S2 (Marks et al., 2003), which is therefore identical to that of the Wase of the 
EcoR1241NT R-M system, (S3/M)2. Both Wases have now been shown to have 
Wase activity in vitro and have a similar domain organisation as shown by 
SANS (Kneale et al., to be published). It is possible that Ahdl represents an 
evolutionary intermediate between Type I and Type 11 R-M systems. 
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7.2 Future work 
Prior to the start of this project, there was no structural information on any Type I 
R-M systems. However recently the crystal structures of two S subunits and the 
M subunit of EcoKI have been solved (Kim et al., 2005; Calisto et al., 2005; 
Rajashankar et al., to be published). However there is still no crystal structure of 
either an Wase or an ENase from a Type I R-M system. Attempts were made to 
crystallise S3/1\4 in the presence and absence of DNA without success. However 
it may be worthwhile attempting co-crystallisation of S3/M and/or S3/M/R with 
ocr in the place of DNA. This would eliminate the need to determine the correct 
length of DNA to use. It would first be of use to determine by sedimentation 
equilibrium (SE) and sedimentation velocity (SV) the stoichiometry of ocr to 
S3/M or S3/N4/R. These experiments would also allow determination of the 
number of binding sites on the Wase and ENase for ocr. It has been suggested 
that there may be a secondary binding site, in EcoKI for ocr (Atanasiu et al., 
2002). Fluorescent labelling of either ocr or the S3/N4 complex would allow 
measurement of the absorbance at a specific wavelength due to that component 
only, thereby simplifying the analysis. The stoichiometry could also be 
determined by isothermal calorimetry (ITC). It would also be interesting to 
determine by SANS and SV if ocr causes the same change in shape as DNA 
upon binding to the Wase. 
Further investigation is required to determine the number of recognition sites 
required by S3/M/R for cleavage. It would be interesting to see if there is any 
preference for DNA substrates (either supercoiled or linear) containing one or 
two sites and what the different rates of reactions on these substrates are. 
Varying the concentrations of the cofactors ATP, SAM andMgC12 could also be 
investigated. Confirmation that it is the second adenine in 5'-GAA or 3'-GAA 
within the symmetrical recognition sequence is methylated also needs to be 
confirmed, although the ability of methylation to inhibit cleavage by EcoRl 
suggests that it is. 
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Further investigation of the stoichiometry of S3/M/R by SE and SV is required to 
determine whether it forms a R, or R2 complex. The results presented in this 
thesis suggest it fort'ns a R, complex. However it would be interesting to see if in 
the presence of DNA, the formation of the R2 complex is favoured. 
In addition, formation of the wild-type EcoR1241 R2 complex is slow (Janscak et 
al., 1998). Therefore different molar ratios of S3/M to R could be mixed (in 
presence or absence of DNA) and the effect of the length of incubation time 
investigated by DLS, SE and SV. Precise elucidation of the conditions required 
to form the R, and R2 complex will be essential to any further SANS experiments 
on these complexes. 
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Appendix I 
The next five pages show the specific parts of the DNA electropherograms that 
identified the error in the published sequence of the R subunit of EcoR1241 as 
discussed in section 3.3. 
193 
Figure 1. pET-28bPlP2 DNA sequencing electropherogram. DNA was 
sequenced using the T7 terminator primer in the reverse direction. 
Figure 2. pCP1005 DNA sequencing electropherogram. DNA was sequenced 
using the RP8 primer in the forward direction. 
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frame-shift from that of published sequence 
1200 1210 1220 1230 1240 
AAA A CA GGC A OTT TTCC A GAA, ýt: ýý TCOT CTCGT TTriTTGAGAAGTTTAAt-. GGC GTAG 
* frame-shift from that of published sequence 
720 730 740 750 760 770 
AAAAý-- CAGG CA GT TTTC Cý'-. GA., ', AAT CGT CTCGTT TAT T GAG AAGT TTAAl-ýGGC GTAG 
Figure 3: pBGSR124 DNA sequencing electropherogram. DNA was 
sequenced using the RP8 primer in the forward direction. 
Figure 4: pET-28bPlP2 DNA sequencing electropherogram. DNA was 
sequenced using T7 terminator in the forward direction. 
195 
frame-shift from that of published sequence 
720 730 740 750 760 770 
G/-ý ýJIC AG GC A OTT TTC CA TC GT C TC GT T. TT (-'G-r,, G 
310 320 330 34C 
GkTGCTGGCCATGTTCGGC 'A GCTTCýGA. CCTC 
160 170 1BO 190 ACCGGCTTCGATGCCCCAAc 
'k TTGAACACGCTA 
Figure 5: pET-28bPIP2 DNA sequencing electropherogram. DNA was 
sequenced using RP7 in the forward direction. 
Figure 6: pCP1005 DNA sequencing electropherogram. DNA was sequenced 
using RP I in the forward direction. 
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190 200 210 22( GTGCTGGcCTGTTFGGGCýGTGTT C' (-, NrL (- f- T )i 
.0 160 170 180 
GCTTCGATGCTCCÄÄCÄT7GAÄCACGCTÄ 
Figure 7: pCP1005 DNA sequencing electropherogram. DNA was sequenced 
using RP7 in the forward direction. 
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Appendix 11 
The next 12 pages show the complete DNA sequencing electropherograms for 
pET-28bPIP2, pcpl005, pBGSR124 and pUC1 19/EcoRI24INT. 
198 
N GAGTGG CGGTAOkATT CCACTA TNGAAATAAT TTT GT TTAACTTTAAGCA OCGCAG 4TATAC CA TG GG CAG CA GC CAT C 
AT CAT CAT CAT CACA. GCA GCGGC CTGGTGC CGC GCGGCA GC CA TA TGAC TCA TCAGGACACACAC CAT TGC TGAA 
I TC CA A TA AC TTTAT CGT TC TTGATA A GTACA T CA AAG C TGAG C CA A CA GGC GACAGC TAC CA G AG CGA AT C GG AC I 
I It4: jloý 11u. III; Ilu lidi I'g, 1 "; 6 12": 12ck N ir I ýl s Loc 1210 1 
C TGG AACGCG A ACT GAT NC A GG AC CTACGG A AT CA GGG CT AT GAAT TTAT AT C CGT AAA AT CAC A GT CGGCGATGC 
TGGCCAATGT T CGGokAACA GC TT CAGAACCT CAAT G GT GTGGT GTTTAAT GACAGC GAG TGGC GGC GT TTCACGGAGC 
A GT ATCT GG ATAAC CCGAGC GAT GGCAT TCT GGATAAGACC CGT AAAAT CCAT AT CGACTATAT TT GC GACT TTAT 
39ý 41m 
I TT TTGAT GA CGAGC GTCTTG 9, G. AACATC TAT TTGATAGATAAA 4, AGALT CTCAT GC GCAAT kAGGTGCA GzkT TAT I 
CC AGC A GTT TGA A CA GGC GGGT TCT CA C GC TA AC CGT TAT GACGTAACT AT CCT GGTTAAT GGCT 
pET-28bPlP2 DNA sequencing electropherogram. DNA was sequenced 
using the T7 promoter primer in the forward direction. 
199 
ON CT TAC CGTACT COT TACAG TAA AGA GAiGT TTTAAO% G CGA ^AAT T CCCT GT TTAAGT AT CT G CA GC TGT T CGTC 
AT T TCC)kAC(3G CAC TG ATAC C CGT TAT TTT GC CA A CA C GACAA AGC GC GATA AAAA CA GT TTT GAC TT CA C CA TG A 
AC TGGGC GA AA TCA G ACA A TAC GC TG AT TA A AG AC CT CA 4, AG AC TT TA C CGC CA C CT GT TT CCAG AAA CAT AC TC 
i sk. I 116L 
IT GCT TAAT GT T CT GGT GA AC TA CA G CGT TT T TGACA GC A. GTC AG ACAC T AC TGGT AA TGC GAC CGTAC CA GAT TGC I 
CGC CAC C GAG CGC AT T CT GTGG AAA AT TA A GAGT T CCTT TA CA GC GA AGAACT GGT CA AAAC CGG AA AGCGGTGGGT 
A TAT CT GGCAC AC TAC CGGT T CT GGT AAA AC OCT CAC CA GOTT TAA AG CC GCGC GT CT GGCA A CA GA GO TGGAC T 
TT AT T GATA AA GT CT TCTTTGTGGT CGACAGGAA AGAC CTC GAT TAC CA GAC CAT GA AGGA A TAT CA GC GT TTTT 
[ CGC CA G AC A GC GT CA AC GGC TC GGA AA AT A CC GCAG GC CTT AA AC GA. A, AT CT GG ATA AG GACGAT AA CA AI 
pET-28bPlP2 DNA sequencing electropherogram. DNA was sequenced 
using the primer RP4 in the forward direction. 
200 
NCCNCCGT TN GT A ^CC T NCCG CTT TAAAG C CGCGCTT CTGGCAACAGICAG CTGG AC TT TAT TGATAA A GT CTT CT T 
AM tr v 
-TGjTG 
GT C GACAG GAAA GAC CT CG AýTTAC CA GAC r AT G AAGG AA TAT CA GC GT TT TTC GC CA G AC AG CC7 T CA ACG G 
T*- 
C TC GGý % AA TAC C GCAGGC CT TAAAC GA. AAT CTGGATAAGGACGATA A CZA AAT TA TCGTCAC TAC TAT T CA G44 
w 
ACTCAATAAC CTGATGAAAGCAG AAAGGGAC CTGCCTGTATATA. lk TCA GCAAGTGGTGTT TATATT TGTTGAATGC 
J)"r. 12-6 114C 12? ý 12TI bicý FZ TZ -17A 1 
CACCGCAGCCAGTTTGGAG4, AGC GC AGA4, AAGCCTGAAGAA GA ýATTCCGCT 4ý TTT CA GTTTG GT TTT. A CCGG 
Ilot 13,1 In's 1%3, ) 1 U-ý 134& 136c, I'm I W, I V, ý 13x 
CAC CC CT AT TT T CC CGG A AAA CGC CT TAGG CT CA G AAAC AAC CGC CA GC GT AT TT GGT CGTG A AT T GC AT T CGT AC 
1 ýfx 141X JV6 141-: ý 14ju J4., 144b 
GTAATTACCGATGCGATTC GT GACGAAAAAGT GC TCAAATTCAAGGTGGACTACAACGATGTGCGGCCACAGTT 
-ýA rL)XAV; 
WVV 
f401 Isis 
TA AGT CT TTAGAGACA GAA ACT GGC GAG AAAAAAC TGAGT GCG GC T GAAAAT CA GCAGGC GT TTCTTCATC 
ls: ec 
pET-28bPIP2 DNA sequencing electropherogram. DNA was sequenced 
using the primer RP5 in the forward direction. 
201 
GTGGNCT CACGATGTGCGGC CCAGT T TAAG T CTT TAGTAG ACAG AAACT GG C GAG AAAAAAC TG AG TGC GGC 
TGA AAi TCA GCAGGC GT T TCTT CAT CCCATGCGTA TTCA GGAAATCA CGCAA TA TAT T CT GAATAA T TTC CGCC 
AGAAAC CCA CC GT A CC TT CC C TGGC TCA AA AGG TT TT A AT GCTA TGT TGG CA GT GAGC A GC GT GG AT GC CGCG 
v 6AAl'N-&d- YMi lisc, PA 116" J, Etý 1, r-D Ile lic's I. -I, J. '! 1; 1. 
AAAGC CTAT TATGC GAC GT TTAAACGGT TACAAG AAGAAG CCGC TAATAA AT CGGCTACCT ATAA AC CGCTGCGTAT 
l2n 12-5--l Im 126S Im 1200 12go.; 
T GCGACAAT CTT CTCCTTTGCCGC CA ATGAA GAACAA AATGC CAT TGGT GA AGTTTCCGATGAAAC T TT T GATAC CA G 
2", lax. 13'f 
oi, M* 
CGC A AT G GAC AG CA GT GC TA A AG AGT TT CT GG ACGC TGC A AT TC GT GA AT AT AAC AGC CA. TT TT AAA Ac TA AC TTT 
jw 1! 65 Ivx, pis 
AGCAC CGACAGTAACGGTTTT CA GAACTACTAT CGTGATTTAGC CCAGCGGGT TAAA AAT CAGGATAT C GAT CT G 
AAAýýn, ý (VIIII'V JAW, 
14ý6 ISLE 
C TA AT TGT C GT G GGGAT GTT CT TA AC CGGC TT CGAT GCCC CA AC AT T GA A CA C GC TAT TCGT C GATA AAA ACT 
T 
Isw jw is" 1513D ac 
pET-28bPIP2 DNA sequencing electropherogram. DNA was sequenced 
using the primer RP6 in the forward direction. 
202 
NCCT AN QkTTTCT MGCGCTGCA TT CGTG AATAT AA CA GTTT TTTTTAAA A CTA ACT T TAG CAC CG ACAG TAA CG GT T 
vxý Ir ps 14.145 Tm lee lag Irc 
TT rlbk GAACTAC TA TCGTGATTTAGCC CA GCGGGT TA AAAAT CA GGATATCGATCTGCTAATTGTCGTGGGGATG 
I LUA IQL; UCCAACAT TGAACACGCTAT TCGTCGATAAAAACTTACGTTATCACGGCCTGATG 
AAA 8M Al"AL 
I ýýý 
"AfOCIAAL , ?", .1 I'ti 
A"\f IjI. 
-$ CAGGCAT TTTCCCGCACCAAC CGCATTTAT GACGCCACTAAAACCTTCGGTAATAT CGTCACT TTCCGGGATCT GO 
A,., AA 
Ir'l II)s 1ý'4, JA; Im 1ý-h 1w; IA6 Im, 12M lim 
I AACGCT CA AC TAT T GAT GC CA TA A CGCT GT T TGGT GACA AAA ACAC CA AA AATGT GGT GTT AG AAA A GAGT TA TAC AGI 
AGTAT AT GGAAGGC TTTAC TGAT GCT GCT ACAGGT GAAGCTA AAC GCGGC TT CAT GACAGT A GTT TC4, GAAC TGGA 
A^a4ýLLMV I LA&IaL, aaLL6A-A, 48LZ ti V. apjýýl Iý -AAA naa 
N\64Lý'ýA. 
I'\- ýI 
I ist, I o:. lims 1.40c, jus 1410 1415 14. X 142S 14X 14)! 14ý 144, IAIA 6. ý-, . 
ACAACGGTTCCCTG AC C CT ACCAGT AT T GA A AG TGAAAAAGAGAAGGAAGACTTCGTTAAACT GT TTGGC GA ATA 
146ý 14-, n 14 rE l4ar, 14st ]Air, 14liL wb 1510 1-1! 1%2-. ' 1 so 
[CC TGCGTGC CGAGAACAT C CTGCAA AAC TAT GAT GA ATTT GC CACGC TA AAAGC CCTGCAACA A A. T CG I 
pET-28bPlP2 DNA sequencing electropherogram. DNA was sequenced 
using the primer RP7 in the forward direction. 
203 
GAA GNTT CT TAA CT GT T TGGCGAAUAC CT G CGTG CNTT TTAACAT CCT G CNA A ACTATG AT GA AT TT GC CAC GCT 
T CTT, T3c! 
2c 
CAM 
AAA Gý CC CýT GC AAA; C 
ýA 
AtC GA 
ýT 
AýXGGA TCCT GýT TGCGGTATTC GI 1 11 Ga GA 
AmýLýý w%AALA\ AA I&, lab W, ýc2L 
TGT I-- GCTTT 
1 ITS JlBo jigs Itw ]; I, pis 122ý 
CGATATTC GC GACTGGCAGCGCCGTGAGAAA, GAAGCTGAGAAAAAAGAGAAATCAACCACTGACTGGGATGACGTA 
/\L 2-,, 
L'. 
, 
L4LýLý 
ý, 
I 
, 
ýLp 
ýLý 
A 
V, "4", 
Inli 123! lac 12Aý 1; 1 IfK 12 rD lvý 12ý 1. -0' '. 
I 
GT TTTT GAGGT CGAT TT GC T GA AGT CT CA GGA AATA AAC CT GG AT TA, T AT C CT TGG AC TGA TTTTCG4 AC AC AACAG 
"\A8miýLýýZ 
VA'A fA' 
IIA 1 P4, ]m Imo 134 12W p§6 1365 1370 lays 
ACAA AALTAAAGGC GAGGGC GA AAT GAT C GAAG AGGTCA AACGC TTAAT TCGT TCAA GC CTGGGG AAC C GTGC TAA A 
Vl' 
14, ý l4lu jvt IA25 14, V-. 1 A. % 14A, 1"s 14! 4, 
GAGGGC CT GGTGGTC GAT TTTATT CAGCAA AC GAAC CT GGATGATT TAC CGGACAAAGC CAGCATCATT GAC GCA 
146b 1,60 1*6 JAP" j4rt 14U 14it 14 A- JAVE Isw I EKA I ý1ý; Isis JEW I ý; s 
[--T T CT TT AC GT TT GC T CA A CG CGA A CA GC A 4, C GT GA A GC AGA A GCAT T GATA AA AGA AGA AA AT CT CA AT GAI 
pET-28bPlP2 DNA sequencing electropherogram. DNA was sequenced 
using the primer RP8 in the forward direction. 
204 
OkGTG GTNGTGGTGGTGGT GCTCG AG CTAC GCC TTTAAACTT CTCAATAA A CGAGACGA TT TTCTGGAAAAC TG 
C 
CrT r" TTTTTTC GT TT TA TA TTGCGGATT TA GGA C=TA A=G T T=T=T GG TA ATGT:: T 
ýTC 
G=T TTTA ATTC 
MG 
T (3 C CA TTTT 
CGGT GGCA TAT TC GC G TT NNA A tkG ACGTGC GA A TAT A GC GTT T TGC TGC AT CTT CAT T GAG AT T TT CTT CT TT TA 
ý4 
T CA AT GC TT CT GCT T CA CGT TGC TGT T CGCGT T GAG CA A ACGT AA AGA AT GCGT CA AT GAT GCTGGCT TT GT CC GGN 
I AAA. T CAT CCAGGTTCGTT T GCTGAAT AAA AT CGAC CAC CAGG CCCT CTT TAGCACGGT T CCCCAGGCT TG AACGA AT I 
TA AGC GT TT GAC CT CTT CGAT CAT TTCGCCCT CGC CTT TAT TT T GT CTGTTGTGTT C GAAAATCAGT CCAAGGAT 
laso 141. ) 1416 1420 1-cs 1430 1435 144,1"6 l4b, 
AT AAT C CAGGT TT AT TTC CTGAGACT TCA GCAA AT CGACCTCAAAAACTACGT CAT CCCAGTCAGTGGT T GATTT 
146f, 144E 14 K. 14 rs I da, pas JAX 14% 1 5'-X jvý 15ý, 1 
F-CT OTT TT TTCT CAGCT TCT TTCTCACGGCGCTGC CAGT CGCGAATAT CGTTATAGGCAGAAC GAT 4ATC CT GI 
pET-28bPlP2 DNA sequencing electropherogram. DNA was sequenced 
using the T7 terminator primer RP4 in the reverse direction. 
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*TTCCTGC OCAACTATGATGA AT TTGC CAC GC T NNAAG CCC TGCAACAA AT C GAT CTTAG C GAT CCT GT TGCGG 
A. AMAA AA IYý AA 
TAG AAT TCAAAG CA GN ACAT TAT GT GGAT GA TGAAAAGTTCNC NG. A A TTGCAAACAA T TOGT CT CC CTGC TG 
6p 
ATC GCAAGATT CA GG AT TAT CGT TCT GC CTýý T 0, ACGATA TT CGCGAC TGGCA GCGCCGTG4, GA AAG AAGCT G 4, GA 
8 \N, AA AA 0 APA AALýAAAA ý&"L'4 j'V' A ! N- Im lilt 172C 
AAAAAGAGAAATCAACCACTGACTGGGATGACGTAGTTTTTGAGGTC GA TTT GC TGAGTCTCAGGAAATAAACCTGG 
VY\AAN 122ý 1211,42 C, las J)w Ilo Ix. 
AT TATA T CC TT GGAC T GAT TTT C GA ACA CA A, CA G ACA A 4,, l TA 4, AGGC AA GGGC GA A AT GAT C GA AG AGGT CA A AC G 
lift p2s Imp 15; 46 1360 luc 1 13 it 
CTTA AT T CGTT CA AG CCT GGG GA AC C GT GC TAA, AG AG GGC CT GGTGGT C GAT TTTA TT CA, CC A 4,4, C Gk A CC T GG 
lbs 1441 IAýcl 
TGATT TAC CGGAC. AAAGC CAGC AT CAT TGAC GCAT TCT T TkCGT TT GCTC A AC GCG A AC A GCA AC GT GA AG CA GA 
AGCAT T GAT AAAAG AAGAAAATCT CAAT G 
J! Wl Ims I sbc lbsi 
pBGSR124 DNA sequencing electropherogram. 
the primer RP8 in the forward direction. 
DNA was sequenced using 
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GNNG GAGNGNGNGOGTACONT NGTCTGTAT CCATAACTTTAT CGANACTTGATNAGNACAN CNNNACTGNACCTCGAC 
GC NA CNG C TAC CNTA NCGA AT CG G ACTCTG G NA CGCG ACXCNTGA TAC AG G AC CT A CG G NN T CNGGG N TNT N 
AA TT TA TAT C CGT AAAA TCA. CACGTCGGC GATGC TGGC CAA TGT TCGGGAACAGTGTTCGNOkACCTNNNTGGTGT 
_ffT i 'r217 
I I-l" 
GGN GT TG A AN G AC AG CG AG TGGC GGCN TT T NACGG AG CA GNAT CN GG AT AAC CN GAG CGAT G GC AT N CN GN ANA A 
NAC CCNTT AN NT NCNT T TCNTNT NT NT TT GCGAC TT TNT TT NT GAT GAC NA NCGT NTT GNNA A NA TN NA TTN NA TA NA 
Ahl 1 44 
T. AAAAAGA AT CT NAT GC GCA AT AA GGT G CANA T TAT NNAG NN GT TT GNA CA NG CGGNT TCT CA CNCT AA CC GT T TT 
GAC GT A. AC T A, TC CTGGTT AAT GGC T TAC CGCT GNNAC A AAT CG AACT GAAAA AN C GC GGC GTG GC GATT CGNGA G 
GC TTNCAAC CAGAT -NC AT C GTT ACA GT A AA GAGAGTTT TAACA GCGAA NAT TCCCTGT TT AAGTA TCT 
pcpl005 DNA sequencing electropherogram. DNA was sequenced using the 
primer RP I in the forward direction. 
207 
IkokNGNTTTCT(3GGNGCTGCA TT CrvTGAATATAACA GCT NTT TTAAAACTA ACT T TAG CAC CG ACAGTAAC G GT TT TCAG AA 
ýýj 
rl\ 
-Iý -- 
AiAv6ffl, 
- 
A 
140 ]is 
C TA C TA TC GTGAT TTAGC CCAGCGGGT TAAAAATCA GGATA TC GAT CT GCTAATT GT CGTGGGGATGT TCTTAA 
GS II Plo 1: 15 ----T-;,: I l. 's 13r, 136 74-17 It'K llf-, C----Tu 
CC GGC T TC GA T GC T CCo% A CA T TGAA CA CGC TA TTC GT C GA TA AAAACT TA C GT TA T CA C GG CCTG AT GCA G GC A 
t 
1; OC. I'% 1. 'I' 121S 1220 lzzs 
TTTT CCC GCAC CAAC CGC AT TTATGAC GCCAC TAA AAC CT TCGGTAATAT CGT CACT TT CCGGG AT CTGGAACGC T 
CAAC TATT GAT GC CATAACGCTGTTTGGTGACAA AAACACCA AAAATGT GGT GTTAGAAAAGAGTTATACA G AGT ATAT 
t 
11 
'" 1ý1ý ", 
, IAIVý EI IT is's 1360 
G GAAGGCTT TACT GATGC TGC TACAGGTGAAGCTAAAcGCGGC TTCATGACAGTAGTT T CAG AACT GGAACAAC GG 
I-sib IYX 14AID 14.26 1410 
TT C CC TG AC CC TA CCA GT AT TGAAAGT GA AAA AGA GAAGAA A GAC TT CGT TA AACT GT TT GGC GA A TAC CT GC GT 
I ý1114dl 
l4a, Ivu 14ju I.: 
-z 
jbýx 15tu 1ý1ý luo 1! ý; ý 
GC C GAG AAC AT C CT GCAA A AC TAT GAT GA AT TT GC CA CGC TA AA AGC CCTGC A AC AA AT CGA. T CT 
154S WE, ISS'E se 15 ro sas sw jws jfiý 
pcpl005 DNA sequencing electropherogram. DNA was sequenced using the 
primer RP7 in the forward direction. 
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G AA NTT CT TA CTGTTTGGCGAATAC CT GCGTGC CGAGTAACAT C CTGCAAAACTATGATGAAT TT GC 0kCGC 
ISO 156 If's T, 4 g, C: CCT GCAACAA AT CGAT CT TAG C GA. TC CT GT T GC GGTAG AA AAA T TCAA AG CA GA ACAT TA T GT G GATG 
A AS rpA Aý 1, 4A/Vý 
A TGAA AAGT TC GC TGAATTGCAA, 4CA AT TC GT CT CCCT GCT GAT CGCAAG AT TCA GG AT TA, TC GT T CTGC CT AT A, 
AM A V-, o, To . -ps 12X AC GATAT TCGC GAC T GGCAGC GCCGT GAG AAAGAAGC T GAG AA 4, AAAGAGAAATCAAC CAC TG ACTGGG AT GACGT 
, -, A4Lv-, AA /\(\A A AA AA At\pAn8 jVVAk-,,, /ý 
AAA, 1ý4! 'IPAPI 
PAPIIPPU-V\ 
, AA\AAA L,. aý -mA I jr6 123(, 12 J; u INC 1;, % 12rc, 11's ]; I 1; v AGTTTTTGAGGTC GA TTT GC TGGTCT CA GGAAATAAA, CCTGGATTAT, TCCTTGG4CTGTTTTCGC 41 
1 131 132C jaý 1,1231 1W, jus I aEk' JAS 
ACA AA AT A A, A GGCAA GGGC GA A AT GA TC GA AG AGGT CA -A CGCT TA AT T CGT T CA 4GC CT GGGGA A CC GT rjCT A A, 
I -ýql pas poc 1 3ý6 1.0e, pos 14, ý, 14 1ýIA; (, 14. s 1 4ký 143. ý i 4AD I"b 14bu 
AGAGGGCCT riGTGGTC GAT TT TATT CA GCAA ACGAA CCT GGATGATTT AC C GG ACAA AGC CA GCATCAT TGACGCA 
1241 
Ists Iwo 
41- 
TI, l4r. 1400 1465 14X l4as 1510 
TTCTTTACGTTTGCT CA ACGCGAACAGCAACGTGAAGCAGAAGCATTGATAAAAGAAGAAAATCTCAATGAAG 
'a, 16ý5 Ts sq, jWfi jsx, IS. 35 154c, I 
Imc IAs 'a, Sx 
pcpl005 DNA sequencing electropherogram. DNA was sequenced using the 
primer RP8 in the forward direction. 
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CTCGG'rAC CC CC G TG CA GA AT IC GAGGT -CA CN GA TCCGGGGGG ATCCTC TAGAGTCGACC TGC4GOCA TG CA 
4, GC T TG GCGT A AT CA TGG -C4 TA GC -GT --CC TG TG-GAA^ A- TG- TA TC CGC TCACt- A --CC AC ý C-' -' C, ý T `, CG - 
I GC CG GAA GC A -A AA G-, GT A AA GCC T GGG GGCC -G . 1, G T GA GC T;,;. C -C;, C!, T- A- T-G CG- TGCGCT C, ý C TGC 
I 
CC OC T-7C CA GTCGGGA A ACCT G TCG TGC CA GC TGCA- T-ý, ý-T Gý ý-T CGGCC A 4'-GCGCGGGG AG AGGCGG- T -G'-G T 
Ins 12X 1z: s 1243 JZ4E imo 1-% 1260 1. *- 1 r. c Irs 1w Im Im 1295 INC 
AT -GGG'- GC -C T TCCGC -7CCT CGCT C-C TG A CTCGC TGCG C-CGG 'CG-- CG GCT GCGG CG A GC CA 3C T 
IV\ 
Ims 131C 13's Jim Im 153D 13's 130 
136c, [us 137S 
CAC TC -^-' 13 GCGG -4, ýL T -' CG G-T -' -' C4 C ý, G ;- A-C4 GGG G A- ý ACGC 4-G 
G ;- ýý -G ý, -C -L T3T3ý, AG GC C -ý3 
141C 1416 14M 14M 1,32 
Pý 
jigs JAC3 ism c Im 1316 3 
C4 AA ý-G GCCI, GG A AC CGTAAAA AGGCCGCG 7T GC-7 GGCGT-7TTC 
CATAG GC -CCGCC CCCC -G A CGA GCA-CA CA 
NAýn" m8choý 
0 Isle Isis Ism ism 1 1495 
llýýý 
1495 I-cllvn- 
11 , r. -. -.! L 
III 
ids JUS 14--c I. - Im I 4ic 
ATCC, 3CTCGTCý;, 13 -! k GG-G GC GAA:. CCC3 -1 C-GGACT4f. 3ACCAGGC3TTCCCCCTG3ALG 
Wo^ e 
Ism sm IS4 isc 
pUC119/EcoRl24INT DNA sequencing electropherogram. 
DNA was 
sequenced using the T7 promoter primer in the forward direction. 
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GA A TTACG CC CG G TAG CC AC CG TA A GC A. TCG GC T TG AAA CA CA C CG C TG TAAC CG GC CA GG TGAA AT T CA CT 
6c 
G GC CG TC GTTT TA CA A. CG T CG TG AC TG G GAA A, AC CC TG GCGT TAcccA ACT TA A TC GCC T TGC A GC AC A TC CC C 
In 
CTTTCGCCAGCTGGCGTAATAGCGA, kGAGGCCCGCACCGA, TCGCCCTTCCCA-'kCAGTTGCGCAGCCTGAATGGCGA 
Nvvýýý 11ý, 1'" 1171,11v 
A TG GCGCC TGAT GCG GTA T TTTCT CC T TACGC AT CTGTGCG G TAT TT CACACCG CAT ACG T CA A AGC A AC CAT 4GT AC 
j 
(I 
tIA=, 
ý ý Llý 
ý,. eý ýý (I ja ýý ý04 6),, 
- 
GCG CC C TG T 4GCGGCGC AT TA AGC GCGGCGGG TGTG GTG GT T -CGC GC LG CG TG A CC GC T -, CA CT TGC C "G C GCC T 
&AJ p U I 
j, tw J 31 pis Im 
TAGCGCCCG CT CC TT TCGCT TT CT T CC CT TCCTT T CTCGC CACGT T CGCCGG CTT T CC CCG T CA AGC TCT AA AT CG 
GGGGCTCCCT TTAGGGTTCCGATTTAGTGCT TT ACGGCAC CTCGACCC CAAAAAACTT GATT T GGGT GA 
pUC119/EcoRI24INT DNA sequencing electropherogram. DNA was 
sequenced using the T7 terminator primer in the reverse direction. 
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Appendix III 
The next page shows the molecular mass and extinction coefficients of the 
subunits and complexes of EcoR1241NTsystem. 
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Subunits and complexes 
of EcoR1241NTsystem 
Mr 
(Da) 
Extinction coefficient 
(M-1 CM-1) 
S3 24856.3 48485 
M 58013.4 46550 
R 120120.2 98225 
SYM 82851.7 95035 
(S3/M)2 165685.4 190070 
(S3/M)RI 285787.7 282295 
(S3M)2R2 405890.0 386645 
DNA duplex Mr 
(Da) 
Extinction coefficient 
(M-1 cm-) 
S3-30 18419 574200 
lofteftft'.., 1 : 777---Wýw, - . 4- 
ol 
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